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8 U M M  A R Y
The research reported herein compares five types of 
grid structure of similar span and subject to the same 
external loading, each under up to four conditions of 
boundary restraint, designed by elastic theory to near 
their maximum span/weight efficiency. The structural 
medium used is tubular steel, the design standard 
B8 449.
To facilitate design two devices (hitherto unreported 
by anyone else, to the author’s knowledge) have been 
developed, namely
(a) accurate consideration of lattice beams as single 
members in structures;
(b) automatic design by digital computer allowing 
for simple changes in geometry.
The skeletal structures are analysed by stiffness 
method and other possible methods discussed. The 
possibility of applying linear programming to the 
search for the most efficient structure is also dealt 
with.
Prom the analyses the most efficient span/depth ratio 
for each, boundary condition is suggested and the mode 
of load distribution, the effect of po.ttern, pattern 
intensification and the inclusion of edge beams are 
discussed.
A model diagrid composed of lattice beams in one 
direction and prismatic beams in the other, the chords
of the former having the same second moment of area 
when considered as a single section as that of the 
prismatic beam, has been tested and used to illustrate the 
fallacy of. the common assumption made for such beams.
The model was designed as a control to the derivation 
of lattice beam, stiffness matrices mathematically, 
graphs and tables of which have been included in the 
report.
Rurther work on load factor analysis, pattern
effect and topology are suggested.
Ihe anchor is extremely grateful for the great help 
given in the preparation of this thesis by friends 
and colleagues at the University, but especially to 
his supervisor. Miss Renn and Mrs. Olapp of the 
computing unit, Messrs. Uooshin and Robak and, not 
least, to his wife for its typing and compilation.
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I. SYNTHESIS OF THE RESEARCH PROBLEM AND ITS
PARAMETERS.
'•Together let us beat this ample field,
Try what the open, what the covert yield"
1.1) Though double layer grids are used extensively to
provide the supporting structure for large span roofs 
and floors, very little readily available work has been 
carried out to compare the efficiency of the most 
popular grid forms or to assess the optimum span/depth 
ratio of each form considered under varying support 
conditions.
The selection of this field as a subject for 
research therefore appeared to start to fill a gap 
left in previous work on grid structures. In order 
to provide the most useful results it was necessary 
to concentrate one's efforts on a limited range-of 
structural form, span, medium of construction, applied 
loading, support conditions and method of analysis.
The choice of each of these factors were made as 
follows, for the reasons noted against each choice.
1.2) Structural Form
Five types were chosen to represent the widest - 
range of mode of stress distribution,possible.
(i) Diagrid / ) Using latticed beam with top
) and bottom layers in the same
(ii) Three way grid) plane vertically.
(iii) A grid of inverted pyramidal units with their
1.
sides parallel to the supported edges and 
with their apices tied in the same direction.
(iv) A grid similar to that of (iii) but with 
the sides of the pyramids at 45^ to the 
supported edges.
(v) A grid similar to (iii) but with every other 
pyramid omitted and the tie connections at 
4-5° to the supported edges.
As two way spanning structures are notably at 
their host efficient when the directions of span 
are equal, square bays only were considered and this 
implied that the bases' of the pyramidal units should 
also be square.
The susceptibility of a grid form to local 
, intensification of patterm to help the distribution 
of concentration of loading at points of support was 
investigated and advantage taken of this where possible.
The grid forms selected are illustrated in Pigs.
4.1 to 4 .5 *
1.3) Span
The principal influence on the choice of span was the 
method of analysis selected, and this is dealt with 
last.
An assessment was made of the largest structures 
which could be conveniently analysed by the method 
chosen, taking account of the following factors:
(i) A limiting deck span in one direction of 12 
feet;
(ii) A limiting angle of bracing between layers
2.
of 35° ko the horizontal plane.
(iii)The maximum number of joints permissible in 
order that the analysis could "optimise” on 
the geometry of the structure and still be 
within the capacity of the computer available.
The limiting spans arrived at for each grid form 
were:
(a) Diagrid 120 ft
(b) Three way grid 109 ft
(c) Pyramidal (square)^ 120 ft
(d) " (diag.) 114 ft
(e) " (chequer) 120 ft
It appeared important to consider like spans for 
each case and not stretch any one form beyond its 
practical construction limits for the chosen topology.
A round figure of 100 ft square appeared the most 
suitable for the analysis, being within easy scope 
of every grid form considered.
1.4) Medium of construction
The structural section with the most efficient 
shape, and which can be handled most easily within 
the computer is the round, tube. To allow the greatest 
freedom in jointing methods (though jointing methods 
were outside the scope of the analysis) the only 
tubular material readily weldable is steel, in 
addition to being as amenable to mechanical jointing 
as any other tubular material.
•' C. A
i . I; i
. ■ - . „ 1; : «
Applied Loading
In the event of the possibility of undertaking 
full scale testing, the total loading was made to 
conform with the lightest possible dead load plus 
the standard load according to 0P3:Chapter V.
(Loading) for flat roofs. These totalled to 25 lbs 
per square foot.
The stresses in component members to sustain;this 
loading were taken from BS449:1959 using mild steel 
to BS15 and high yield steel to BS968.
A further discussion of the stresses used is 
contained in the chapter on the development of the 
theoretical analysis.
1.5) Support Conditions
The choice of these were tied very closely to the 
method of analysis, which had set a limit on the size 
of structure possible to investigate.
Having settled 100 ft square as the size of bay 
to be considered, the support conditions to give the 
widest range of flexural and shear effects were selected 
as being
(a) Simply supported round the edges;
(b) " " at the corners;
(c) Continuous over an infinite number of bays in 
each direction and supported at the corners of 
each bay;
(d) Simply supported on two adjacent edges and 
continuous over a single support in the corner 
opposite to, these edges. The support conditions 
are illustrated in Figures 1.1.(a) to (d).
4.
1.6) Method of Analysis
The methods suggesting themselves as most suited
I ' , i . I . V j ' V y ca ' ' '
to an efficient solution of the problem were
(i) An analogous continuum analysis which would
• - . . ' . ‘ V. y 1 ' ' - .
be most flexible and capable of investigating a wide
/ ' \j . . ■ -. ■ : 1. i. . A j « . . .
variety of bay arrangements. In such analyses the 
case of an isotropic thin plate is generally assumed, 
ignoring the effect of shear deformations and the
.... ' • < ‘ . / * . i ■ • - ' » i I,.» O '  ^i i ^
variation in density of members which an efficiently
designed skeletal grid must contain; this is basically 
due to the difficulty of taking all these factors 
into account.
When grid structures are deep in proportion to 
their span, the influence of the members which 
transmit the vertical shearing forces (that is the 
inter-layer bracing members) can be significant. In 
Chapter V. accurate solutions are compared with plate 
analogy solutions and the sources of the variations 
between them commented on, at this stage it may be 
worth making some deductions in terms of engineering 
logic by comparing a two way spanning structure with 
a beam.
The span/depth ratio of a prismatic beam (even if 
it is of I section specifically designed to be 
.economical in material to resist bending moments and 
shearing forces) has to be quite low before shearing 
forces make a significant contribution to the 
deformation and total member stiffness pattern.
Lattice beams do not require to have a low span/
depth ratio before the deformation of the inter- 
chordial bracing members' make a significant 
contribution to the overall beam stiffness; the 
cross-sectional area and slope of the bracings are 
more important than the span/depth ratios of such 
beams, and this fact will be demonstrated in the 
next two chapters.
If one compares the effect of shear deformation 
of an isotropic plate with that of a double layer 
grid, it is apparent that the total volume of the 
inter-layer bracing members can only form a small 
proportion of the total structure, which volume has 
to transmit all the vertical shearing forces acting 
within the grid structure, whereas the whole volume 
of the plate is available for the transmission of 
these shearing forces.
Furthermore the volume of bracing members can be 
accurately designed and proportioned throughout a 
double layer grid so that each member working at a 
high efficiency (i.e. at maximum allowable stress).
As stress is proportional to strain in elastic 
analysis, this must give rise to proportionately 
higher deformations due to the transmission of 
shearing forces than in the case of an isotropic 
plate in which the shearing stresses and strains 
are invariably low by virtue of the large volume of 
material available for the transmission of shearing 
forces. The comparisons of prismatic to lattice beam 
and double layer grid are thus analogous. To provide
an accurate analysis of the systems under considera­
tion any analogous continuum should therefore be 
anisotropic to the extent of varying its elastic 
constants in all three dimensions throughout its 
whole volume.
Using Wright* s^^^ method to provide elastic 
constants for the analogous continuum, but allowing 
for variation in all member areas, using standard 
notation for the constants and equations plus the 
following
(A.C.) = analogous continuum
h ‘ = depth of (A.C.)
I
D y D , D" etc. = anisotropic values of flexural
rigidity of (A.C.) in the 
direction of the suffices
L = equivalent length of top and bottom
layer members (note;- as in many 
double layer grids the patterns of the 
top and bottom layers are different, 
it is necessary to resolve each layer 
into similar lengths to derive the 
elastic constants)
KL = depth between layers
kL = length of interlayer bracing members
A^ = cross sectional area of top layer
member at point under consideration
Aj^  = cross sectional area of bottom layer
member at point under consideration
A^ = cross sectional area of interlayer
bracing at point under consideration
C = etc. are constants relative to their
suiiix suffixes.
Considering the effect of M only and making the
usual approximations it can be shown
f s  + V = - Y  \
^ 5 y 2K^ el + A^)
7 .
and e; = BE (A.+A^)
A
all the grids under consideration have such symmetry 
that Vx = Vy and Cx = Cy
and X y ---   —----- 2
Y  (1 - v/)
2
h' then becomes
O'
X
Similarly it may be shown that
D*xy
TO-LE /  4 . d^
( V  C  4  +
( Y y - S +  Y A
The values of E, k, L,E and will be constant for 
each type and depth of grid considered, but,bearing 
in mind that the object of the analysis is to derive 
the most efficient grid in terms of weight of material, 
the values of A^, A^, A^, and cSy must all
vary throughout the surface area of the grid and no 
direct or easy method can be envisaged of correcting 
them successively to obtain an optimum overall weight. 
Furthermore if the depth of the grid is adjusted to 
obtain the best span/depth ratio for the particular 
case under consideration, the values of K, k and C., 
also vary for each change, and again it is difficult 
to envisage a method of adjusting them successively. 
Three possible methods of solution exist for grids 
having given values of the constants previously 
enumerated
(a) The solution of the differential.equation
= q
by either (i) A direct solution
or (ii) An approximate solution from the 
formation of finite difference equations derived from 
the above equation. Both these methods are complicated 
by the fact that the basic equation is no longer a pure 
biharmonic. Furthermore the effects of shear deformations 
are not considered, as the equation refers to thin plate 
theory.
(b) The formulation and solution of stiffness 
equations derived from the consideration of the plate 
divided into a number of, finite elements.
This appears the most attractive method, but involves 
the use of a double analogy - the consideration of a 
skeletal structure as an analogous plate and the 
consideration of that analogous plate as an analogous 
skeletal structure. This is a road "to Bannockburn by 
way of Brighton Pier" which could be made much more 
direct by the division of the skeletal structure into 
"super members" as proposed by Drymiotis and Eazma^^^^ 
and used to a limited degree in the solution of diagrids 
and three way grids described in Chapter II. This 
method considers the stiffness of a group of members 
instead of that of each single member in a skeletal 
structure, thereby reducing the size of the assembled 
stiffness matrix of the total structure. The difficulties 
involved in providing an analogous continuum analysis
9.
of sufficient accuracy which could be used to modify 
a structure logically to increase its efficiency in 
load carrying capacity compared to self weight led to 
the consideration of direct analysis of the skeletal 
structure,
(ii) A direct solution of the skeletal systems 
which, thou^ not capable of dealing with such a wide 
variety of arrangement of bays could
(a) accurately account, on a member by member 
basis, of all the effects which each class of member 
could have on the complete structure. That is, the 
effect of inter layer bracing members and top and 
bottom layer members, their varying density;\and stiffness 
can automatically and individually be incorporated into 
the analysis;
(b) by virtue of the member by member analysis, 
a member sizing and "optimisation" routine could be 
introduced into a general analysis programme. This 
programme could, furthermore, be adapted to accommodate 
changes in the geometry in the structure without loss 
of accuracy in the analysis;
(c) such an elastic analysis could form the 
basis of an ultimate load analysis if required. The 
ultimate load analysis would also be, perforce, on a 
member by member basis and could incorporate not only 
simple plasticity but stability effects.
The use of the digital computer was envisaged 
whether the analysis was to be of an analogous continuum 
or a skeletal system; the amount of programming involved
10.
precluded the use of both methods.
Weighing the limitations and advantages of each 
method, the direct analysis appeared to be most likely 
to provide a true comparison of the efficiency of the 
disparate structural forms under examination, provided 
the support conditions chosen for each form reflected 
the maximum range of member forces possible within 
each system. The actual method used is described in 
full in Chapter II,
At the stage of oho sing the direct analytical method 
no obvious experimental control on the theory was 
apparent, as was the case with the continuum approach.
During the development of the theoretical analysis 
a highly pertinent model analysis suggested itself.
The germination of the idea for this mechanical model 
finds its place naturally within the synthesis of the 
theoretical work and is dealt with there. Suffice to 
say that the prosecution of the model analysis provided 
an important control on the mathematical work in spite 
of the unfortunate introduction of an unwanted variable 
caused by the limited choice of sections available for 
its construction.
11
II. DEVELOIMENT OE THE MATHEMATICAL ANALYSIS.
"Mad Mathesis alone was unoonfin’d 
Too mad for mere material chains to bind.
Now to pure Space lifts her extatic stare,
Now running round the Circle, finds it square."^g
2.1) Though the situation never became as critical as that 
described above, the quotation is too apposite to be 
omitted.
As noted previously, a decision had been made that 
a skeletal analysis should be used rather than a plate 
analogy. Because many varying configurations of structure 
were to be considered,.the most general analytical foim 
had to be adopted. The evaluation of a primary structure 
for each variation in topology, whether this could be 
carried out automatically or not, precluded the use of 
flexibility methods» This implies that one programme 
could not be devised to suit all structures.
• The mode of mathematical analysis therefore devolved 
on a stiffness method which involved either
(a) an iterative or
(b) direct
solution to the stiffness equations.
Though the former is probably the most efficient 
for use in grid problems and its solution has been 
formulated by many authorities (including Makowski & 
Nooshin-j^) it appeared to' suffer from the same defect 
as flexibility methods, namely, that each problem would 
require to be treated separately and could not be
12.
solved by the presentation of data relevant to the 
specific problem to a standard programme. Accordingly 
stiffness method using,a direct solution of the 
equations was chosen.
2*2) At the time of starting programming the computer
available (Elliot 503) had just come into operation at 
the University; though it has a backing store of 16,000 
locations in addition to direct access to a fast 
working store of approximately 8000 locations, the 
backing store was not available for use until after 
the first programme was completed. As this programme 
formed the basis of other and subsequent ones, all are 
aimed to be within the capacity of the direct store.
Structures having up to 100 joints were envisaged, 
the stiffness matrices for which would require storage 
of up to 90,000 elements, the greater part of which 
would be zeros and superfluous to the calculation of 
the solution. If a partitioning or a block elimination 
technique for the solution of the solution of the 
stiffness equations were adopted, the storage problem 
would be eased considerably by avoiding the storage of 
all the superfluous elements. In spite of the saving 
in storage capacity achievable by this means, it was 
apparent that it would be impossible (until the backing 
store became available) to store matrices of partially 
evolved coefficients for back substitution purposes
V
within the 8000 locations available for programme, data 
and working space. In the event, the working space 
available never exceeded 3700 locations.
15,
2.3) The key consideration therefore became economy in 
space rather than economy in solution time. After 
much consideration and discussion with colleagues 
and supervisors beset with the same problem, the 
following decisions were evolved to meet the exigencies 
posed by the problem
(i) to evolve matrix manipulation procedures 
which could operate on any part of stored 
matrices without copying them into temporary 
locations;
(ii) to solve the equations by means of an in-situ 
inversion procedure described by Khabaza^ ^  
Examples of the algorithms developed for
(i) and (ii) are given in Appendix II.;
(iii) to use the block elimination method for the 
solution of the stiffness equations described 
by Eumpidgeg with the exception that the 
partially evolved matrices were not stored 
for the back substitution process but the 
equations reformed^ from the beginning 
incorporating the solution from the final 
block to yield the solution to the penultimate 
block et seq. until the first block yielded 
the completion of the solution.
This implied the iteration and solution of 
the blocks of a matrix divided into "n" blocks
n + (n-1 ) + (n-2)  (n - (n-1 ) times
by a matrix manipulation not notable for its 
efficiency in time. The first block therefore 
would be solved "n" times, the second (n-1 )
U .
times down to the n block which is solved 
only once•
K  I d,
2\
=s UJ^
LO^v\-)
v>n W VN
Fig 2-1
Fig.2.1. illustrates the composition of the
stiffness matrix "K" of a .skeletal structure
divided into "n" groups of joints ; arranged
and numbered 'in such a way that- members j J
having - one end; connected to the! it^ group j 
\ ' - I  ^ '
have their remote ends connected to a joint
within! the (i+1 or (i-lj)^^ groug.
This allows K-to' be partitioned into the 
'linked, sub-matriqe8, shown;k.j ^ ,k2 2 * • • • 
being known as "direct stiffnesb" matrices
! i ! ,
of the relevant group and are disposed along 
the leading diagonal, k^  2^^21^^23 ....*•
^(n-l)n' Y(n-1 )
stiffness" matrices and link the stiffnesses 
of adjacent direct stiffnesses to form a 
tri-diagonally banded matrix. All elements 
outside this band have zero value.
15.
This mode of partitioning allows the 
resultant equation 
Kd = w
(where d = the displacement vector or matrix
and w = the external load vector or
matrix of the structure)
to be solved without forming and storing
the whole of K in one operation. As noted
.previously, the exact procedure evolved by
Dr. M.Hussey and described by Humbidge^ could
not be used as the storage capacity of the
computer available was insufficient.
To describe the procedure finally adopted
the solution of the first line gives
j  -  k p ]  k ^ 2  dg
using the notation
j o , — 1
X - M l
h(i+1 ) = M i  Y (i+1 )
di =  d° + T^2 ^2 ’ ^ 2 the only unknown.
Substituting in the second line for d.j ,
2^1 (^ 1 ^12^2  ^ ^22 ^2 ^23^3 “ ^2 
defining (k^^ ^i(i-1 ) ^(i-1 )^^ i^;
^i " k^(i-1 ) d° (i-1 ) as w^ 
provided i / 1
then d2 = kg2 2^ ^ 2 2  ^ 2 3 ^ 3
/^2 “ ^2 ^ 2 3 ^3
and repeating the cycle
dj = d° +
16.
until cl^  = d° =
which solves the system for the equations 
of the last group only. If it is possible 
to store the matrices  ^ the displacements
in the remaining.groups may be found by back 
substitution of the displacements of the last 
group into the last group into the equation 
i = n
^(1-1 ) = ^(1-1 ) ^(i-1 )x Y
1 = 1
(d°^_^j can be held in the space which is 
required to k reserved for the displacement 
matrix or vector) and this constitutes the 
P-T compiler method. If there is insufficient 
space to store the matrice  ^ for the
whole structure, on solving for the dis­
placements of the last group it is possible 
to re-commence from the first line and on 
arriving at the penultimate group the 
equation
d^n-1 ) = ^(n-1 ) + ^(n_1 )n Y
as d^ is now known. The cycle is repeated
until the structure is solved for the dis­
placements of all groups.
(iv) In the cases of the diagrid and three way 
grid, to treat the lattice beams of which 
they were composed as single members in a 
plane grillage.
17.
1n
X perpendicularly down from 
X,y plane;
Chord aheas =
= A.Bracings -
Figure 2,2. Warren braced latticed beam.
The flexibility matrix F of the pin jointed 
Warren braced latticed beam shown in Figure 
2.2. may be derived from energy considerations 
as
<x> o
F =
where
1?S . noLT
H^AqE ^ A^E
4nl
H^A^E H^A„Ec
a
and n
3 = ^  (leF- 81 + 2) -4n^ 
i= 1
and the,displacement vector corresponding
with this matrix is
I
The stiffness matrix is the inverse of 
F and is found to be
18.
^22 -
2EÏ
W
2nEI.
2nEI?
yl 2yLn 2yL^A•d J
where
±tj2 aA= -g-H A^ and y = g 4—
L A
■o 3- 4h'
It may he noted that the quantity 4"H^ A^  is a 
commonly used approximation to the second 
moment of area of a latticed beam.
The use of the exact member stiffness 
matrix of a complete lattice beam, instead 
"^ be matrices of each of its component 
members, in the formulation of the stiffness 
equations' of a grid structure composed of 
lattice beams can substantially reduce the 
number o± simultaneous equations to be solved, 
without impairing the accuracy of the solution 
in any way.
The reason for the reduction in the number 
of equations is that only the ends of each 
lattice beam are considered as structural 
joints, the effects of the remaining joints 
inside each lattice beam are dealt with in a 
separate calculation deriving the member 
stiffness of the lattice beam.
19.
Drymiotis and Kazma^ g have carried this 
principle a stage further by proposing that 
the stiffness of an assembly of members 
could be evolved and this assembly could be 
connected to other parts of the structure by 
any number of joints and not only by the two 
ends of a lattice beam as proposed in this 
paper.
The aim of these techniques is to reduce 
solution time and allow larger structures 
to be solved by the computers available at 
any given time.
An algorithm, tables and graphs of values 
of main elements of the member stiffness 
matrices of Warren braced latticed beams 
are given in Appendix II.
(v) To use Eooshin's^ method for the consideration 
of structures in which it is not possible 
to arrange all the external constraints to 
conform directionally with a single frame 
system of rectangular coordinates. This 
enabled four planes of symmetry to be 
considered in some of the structures, thereby 
allowing an eighth part to be analysed 
instead of a quarter part which would have 
been the case if the partial degrees of 
constraint had to conform with the directions 
of the frame coordinate axes.(See Appendix II.)
Initially advantage was taken of four.
20.
planes of symmetry by the following device; 
partially constrained joints in which the 
. directional freedom did not conform with the 
frame axes, were connected to fictitious, 
short, stiff members’ in the direction of the 
non conformable constraint.. fhe remote ends 
of the fictitious members were fixed in 
position thus virtually restraining the 
non conformable joint in the required 
direction but allowing it to move in a path 
closely approximating to a plane normal to 
the direction of constraint. See Pig.2.3) 
Kazma^ has since shown that the accuracy 
of a solution using this device depends 
critically on the size and length chosen for 
the fictitious members within comparatively 
narrow limits. These limits vary greatly 
with respect to the size and type of each 
particular structure’being considered,
Por this analysis the use of the device 
was discarded for two other reasons in that 
(a) it increased the number of joints and 
members to be considered and thence the size 
of stiffness matrix for a given structure. 
Therefore the maximum size of structure 
which could be analysed was reduced in 
proportion to the number of fictitious members 
used;
21 .
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2.4)
-(b) more important than (a) it would greatly 
complicate programming to dissociate the 
fictitious members from routines (described 
later in the chapter) designed to alter member 
stiffness and frame geometry in accordance 
with the internal forces sustained by the 
structure.
From the foregoing a small library of compatible 
programmes were built up using Livesley’s Stiffness 
Method for
22.
(i) che analysis of pin-^jointed space frames,
(ii) as (i) buu making allowance for non—conformable 
joints,
(iii) the analysis of plane grillages composed of 
either prismatic or latticed beams,
(iv) the development of member stiffness matrices
for lattice beams in a plane grillage,
(v) the plotting of (iv) directly in graphical 
form.
lurcher programmes compatible with the above mentioned 
were developed for the alteration of geometry and member 
stiffness, and these are described in 2.10)
2,5) The development of member stiffness matrices for lattice 
beams considered as single members suggested a subject 
for an experimental analysis.
In practice it is commonly assumed that the second 
moment of area of a lattice beam is equal to the second 
momenc of area of its chords considered together as a 
connected unit. In fact it does not appear possible 
to define the second moment of area of a lattice beam 
as such, though several approximations have been 
suggested (notablythat of Makowski and Howley._). It !
is possible to modify the slope-deflection equations 
for use witn lattice beams, using a second moment of |
area based on the chords alone and adding a term for |
shear deformation based on the number^ angle and area
of the bracing members, and thus obtain true slopes and
deflections for any system.
The slopes and deflections derived by this means are 
not entirely dependent on the values of the second
25,
moment of area used for the lattice beams# Furthermore 
the term for shear deformation need not have a direct, 
or in fact any, relationship to the chord areas, and 
only affects the deflections, of the particular beam.
These facts illustrate why it is not possible to 
define the second moment of area of a lattice beam.
In fact where a system is only composed of lattice 
beams of similar proportions, the common assumption 
gives reasonable accuracy in terms of moments and 
shears, but underestimates the displacements.
Accordingly it was decided to design a model diagrid 
having lattice beams in one direction and prismatic 
beams in the other, the chords of the lattice beams 
being spaced to provide a value of area times distance 
from their centre of gravity squared numerically equal 
to the second moment of area of the cross section of 
the prismatic beam used. The design and testing of 
this model is described and discussed in Chapter III,
2.6) To compare the efficiency of different grid types it 
was necessary to ensure that each was used at its 
optimum or some value approaching it for the parameters 
of load, available sections and individual topology 
chosen.
For the purpose of this survey "efficiency" is 
defined as the minimum structural weight obtained for 
a specific structural form. Though the weight of a 
structure by no means gives an exact and final definition 
of its efficiency, the introduction of other relevant 
variables such as fabrication and erection costs, roof 
covering and functional efficiency in terms of thermal
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and sound insulation was not possible because
(i) they cannot be defined in absolute terms,
as they depend to a great extent on the ;
environment and bias of individual manufacturers. 
The only way in which they could be defined 
absolutely would be by means of a separate 
survey involving far more complex factors 
than it was possible to enter in here;
(ii) they cannot be readily connected with the 
structural form by simple relationships.
2.7) Having defined "optimum efficiency" for the purpose 
of this investigation, it was necessary to evolve a 
method to attain this aim.
Two approaches were considered; the first and most 
attractive to the analyst and more elegant mathematically 
is "linear programming";.
2.8) 1 , Linear programming is not to be confused with
programming for the solution of problems by digital 
computer; the word "programming" is used in the normal 
sense of planning. It is concerned with planning to 
find the maximum or the minimum value of a linear 
objective function of variables constrained by in­
equalities. It would of course be possible to obtain 
these values by surveying all possible values of the 
objective function and choosing the maximum or minimum 
value which the constraining inequalities permit. For 
almost all practical problems this would involve vast 
numbers of calculations even by electronic digital 
computer standards; hence the development of methods
to programme short routes to the optimum values.
The objective function in this case is the search 
for the structure of minimum weight given some pre­
assigned parameters of span, support conditions, 
external loading, structural topology and geometry. 
In a skeletal structure built up from "n" members 
(i = 1 .... n) each member being of length 1^ and 
the cross section of each member being chosen for 
*’m" available sections (j = 1 .... m) subjected to 
"r" loading conditions (k = 1 .... r) the weight per 
unit length of the i^^ member of j^^ section being 
Wij , the total weight W. of the structure will be
1=1
i=n
The value of W must be nade a minimum subject to the 
following constraining inequalities
pComp ^  < Pij where and are the
. actual and permissible stress
"fch., levels respectively in the i
thmember using the j section 
thunder the k loading condition 
0^  < 6^ < 0^  where 6^  ^is the maximum dis­
placement of any part of the 
"fcî.1 member with respect to the 
supports of the structure and 
0^  is the permissible dis­
placement®
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0 < < Og for values of f^ > 0 and
0 < Sj^ j < for values of f^ < 0
where s^ j^ is the slenderness ratio of the i^^ member 
using the section and 0^ and 0^ are the maximum 
permissible slenderness ratios for members in tension 
and compression respectively.
The region of search for the minimum value of the 
objective function W is called the design variable 
space and this space is divided between acceptable 
and unacceptable regions by an invariably irregular 
surface® This surface, defined by the constraining 
inequalities is called the composite constraint surface.
The term constraint is not used in a structural 
sense but merely describes the boundary between 
acceptable and unacceptable regions in the design 
variable space. Because it is built up from a number 
of variables (i.e, the stress level in and the 
deflection of each member etc,) it is a composite 
surface. These parts of the constraint surface which 
are controlled by preset parameters such the maximum 
size of member available and maximum construction, 
depth are called side constraints, those controlled 
by design variables behaviour constraints. The actual 
member stress levels, deflections and slenderness 
ratios evaluated for each arrangement are referred to 
as design variables.
The design variable space is in the *‘n" dimensional 
Euclidean space where "n" equals the number of design 
variables, /
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If the acceptable region of the design variable 
space is such that any two points in it can be 
connected by a straight line which does not pass 
through the composite constraint surface into the 
unacceptable region the acceptable region is defined 
as convex.
If, however, lines connecting points in the 
acceptable region which pass throu^ the constraint 
surface can be found the space is defined non-convex 
or as containing concavities. The acceptable region 
may be composed of several disjoint sets; though the 
constraint surface of each set may define a convex 
space it should be noted that the acceptable design 
region is still defined as a non-convex space in this 
case.
The significance of these definitions is illustrated 
in Figs, 2.4) (a) and (b).
Fig, 2,4) (a) shows a two dimensional design variable 
space having a convex acceptable region. Fig,2,4) (b) 
shows a similar space with the acceptable region 
non-convex. The slope of the objective function is 
shown in each case.
The objective function in Pig,2,4) (a) will always 
converge on its minimum value when moved normally to 
its slope, but that in Pig,2,4) (b) may "lodge" in a
concavity which provides a false minimum value which
I
cannot be detected as such by local testing.
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In general, when a structure is subjected to a 
single loading case and analysed elastically, the 
minimum weight will be attained from a statically 
determinate system/ If the original topology is of 
an indeterminate structure then sufficient members 
will be reduced to zero ar.ea to reduce the system to 
determinacy,
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The analysis of a similar structure by load factor 
methods would almost certainly favour an indeterminate 
system to attain the minimum structural weight. 
Unfortunately, the load factor analysis of the 
structures under consideration would be beyond the 
capacity of the computer available even if the derivation 
of the optimum structural weight were excluded. Such 
a project would also be beyond the scope of time and 
study possible for this thesis.
It must be declared, therefore, that though the 
structures defined by the methods to be described in 
the following pages almost certainly reflect the 
approximate foim of the optimum structure for each 
type and support condition, they are as certainly not 
optimum weight structures in terms of a factored load 
carrying capacity calculated to cause structural 
failure•
The design variable space for a pin jointed skeletal 
structure where the objective function is the minimum 
weight must haVe at least as many design variables as 
there are members, as the total weight of the structure 
varies with the cross-sectional area of each member.
The permissible stress level in and maximum slenderness 
ratio of each member do not depend on cross-sectional 
area alone but are also functions of the second moment 
of area of each section which is derived from its 
geometrical configuration and has no direct connection 
with its area. Each axis of the* design space must 
therefore have an auxilliary axis dealing with the 
effect of second moment of area,
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If the possible sections for use in the structure 
are to be chosen from a list of discrete cross-sections, 
the composite constraints derived from this list are 
not continuous functions. This simplifies the side 
constraints of the design space but complicates the 
behaviour constraints, as the behaviour constraints 
referring to each section used for each member cannot 
be expressed as a single function. The acceptable 
region in the design space is invariably non-convex 
and for statically indeterminate structures it is not 
possible to solve for the lightest section member by 
member as the internal forces are changed by alteration 
of the cross gection of any member.
It may be a timely moment to re-state, in plain 
terms, the object of the excercise, G-iven a structure 
subjected to a loading system (which may be composed 
of several cases of loading) and a range of available 
sections from which each member can be made to find 
the arrangement which provides the minimum weight and 
satisfies stress level, deflection etc,requirements,
A flow diagram in non-mathematica1 language is 
shown in Pig,2,5)
It will be noticed that (a) the constraint surface 
in the design space has the effect of barring any 
arrangement in which any member oversteps the boundary 
of stress, deflection or slenderness ratio, (b) that a 
full structural analysis must be carried out for every 
trial structure before testing if it is within the limits 
of the behaviour constraints, (c) with exception of
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allowable stress (which varies with changes in geometry) 
the constraints are.static for all structures.
m
YES
Print details of 
optimum structure
OK ~
Carry out structural 
analysis of trial 
structure
Test if this is the 
best solution possible*
Find total weight of 
trial structure
W = 1. w . .
Test if trial structure is 
in accordance with dimensional 
______ specification
Input data giving geometry, 
loading, available sections 
and initial trial structure
Modify dimensions and 
sections to accord with 
specification or to find 
a lighter total weight
Test if members are 
within stress and 
deflection limits
*
Fig 2-5
The criterion of the 
best solution must be 
defined by the rate of 
reduction in the weight 
of successive trial 
structures, that is, if 
the saving over the 
previous trial is worth 
while.
52.
Where problems are solvable by linear programming 
the method used is to set up the constraints, make a 
trial design, test if the trial is acceptable and alter 
the design by a sequential method (simplex method is 
most commonly used), re-test until the optimum 
structure is attained or further improvement is 
negligible.
The structures under investigation in this research 
have approximately 800 members each, but by the use ' 
of symmetry only -g- of the structure is considered in 
each analysis. A choice of twenty four different cross 
sections were made available and, as each of these could 
be used for any member, approximately 3.8 x 10^^ 
different structural arrangements were possible.
The "try-them-all” technique was therefore not 
worthy of consideration. The non-convex nature of the 
constraint surface made the recognition of an optimum 
structure, even if by some accident it was obtained, 
almost an impossibility.
Viewed from a purely mathematical aspect the 
prospect of deriving an optimum weight grid structure 
by standard linear programming techniques looked 
infinitely remote.
For simple structures Cornell, Reinschmidt and 
Brotchie^ have shown it possible to derive optimum 
weight structures automatically, including changes 
of geometry, by "linearising” the constraints. The 
design examples given in this paper are very simple, 
for examples, a queen post truss, a three bar truss
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and a tied cantilever, and even so required many 
iterations (up to 40) of what must he one of the most 
powerful computers in existence. The actual examples, 
particularly that of the truss, appear distinctly 
contrived to prove a point. Furthermore the method 
of "linearising" constraints implies that the true 
optimum is rarely obtained by this means, as the 
modified constraint must always fall inside the true 
constraint surface.
Without denigrating the importance of any efforts 
to find a general path toward the automatic derivation 
of optimum structures for given load/span parameters, 
it was apparent that what the above mentioned authors 
and the powerful organisation of M.I.T. could not do 
efficiently for extremely simple structures, was 
certainly not a suitable path for the more complex 
structures involved in this paper.
In any case the pursuit of the ultimate optima for 
each type of grid considered here was neither a primary 
objective nor an imperative need; it was sufficient to 
arrive at a point somewhere near the optimum for each 
type.
2.8) 2) Accordingly, papers by other authors directed to
more practical applications were studied, and the 
second method developed from them.
The techniques adopted by Humpidgeg and Bradley^ 
in the design of transmission towers and two-way grids 
respectively provided a reasonable solution without 
alteration to the geometry. As the span/depth ratio
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appeared one of the most important criteria in the 
assessment of minimum weight for grids, the technique 
outlined in the author's paper^q was developed,
Humpidge considered that one of the most important 
factors restricting the number of iterations required 
by his tower programme (this number was never more 
than four) was that members occurring at any one level 
of construction were arbitrarily required to be of the 
same section, and that the range of discrete sections 
available provided clear steps to choose from. If the 
sections available were given in the form of continuous 
functions the problem of selection would have been much 
more complex. This seemed a logical, if unprovable, 
deduction.
It appeared as logical to restrict the diameter.of 
the upper layer members of a grid to one dimension to 
facilitate the application of roof cladding, but 
illogical to restrict the wall thickness in view of 
the wide range of wall thicknesses available in any 
one diameter of tube which could have a big impact on 
the total weight of material.
The maximum member force found in the top layer of 
a grid is invariably compressive and forces of the 
same order only found in a few members usually arranged 
in a pattern round the member sustaining this maximum 
force. In the cases analysed it was found that if the 
members of this upper group could be made of the maximum 
wall thickness tube of a certain diameter, most of the 
remaining top layer members could be made of the
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thinnest available wall thickness tube of like 
diameter.
This inferred that if a depth can be chosen which 
uses the heaviest wall thickness tube of one diameter 
to ius maximum capacity to sustain the maximum top 
layer member force, a good, if not optimal, design 
will be effected. As the top layer comprises members 
which are almost all in compression, and therefore 
cannot be used to as high stress as the tension members 
found in the bottom layer, the top layer makes a more 
significant contribution to the total structural weight 
ohan either the bottom,or, for grids of moderate span/ 
depth ratio, the interlayer menbers. .
By dividing the set comprising the section list 
into sub-sets according to diameter, the weights of 
material derived from the analysis of two or more 
grids of varying depth according to the most efficient 
use in their top layers or tubes from consecutive 
diameter sub-sets could be compared, the most favourable 
weight chosen and a fresh analysis made with a new 
group et seq., until convergence upon the top layer 
section and structural depth provided the most 
favourable wei^t. '
From any trial design within reason it is quite 
simple to obtain an approximate depth.to suit the 
maximum weight tube of any nearly diametral sub-set 
by the simple expedient:-
let X be the highest internal force in any member 
of the top layer and d be the depth between layer 
centres, let P be allowable force in the heaviest
56.
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section taken from an adjacent diametral sub-set to
the sub-set from which the tube carrying the internal
force X is drawn.
The new depth to use the proposed tube to its
maximum allowable stress will be approximately equal 
Pdto * As this value is approximate and it is 
important tliat the new internal force used when the 
structure Is re-analysed should be less than P, the 
new depth should be multiplied by a factor slightly 
greater than unity.
Prom this new depth approximate total forces and 
weights may be derived to form the basis of a sequential 
re-design.
The value of %  is given as 0 in Pig,2,6) which 
is a flow diagram illustrating the method.
It will be seen from the following table that all 
the requirements of sequential re-design given in 
Pig,2,5) to derive a more efficient structure are complied 
with in Pig,2,6):
Pig.2.5) Pig.2.6)
Block R Block Adata is input in
side constraints are
tested in Block S
structural analysis is
carried out in Block T
behaviour constraints
are tested in Block V
total weight of trial
structure is calculated
in Block X
dimensions are modified
to derive new trial
structure in Block U
Blocks G- and I 
Block B 
Block D
Block D
Blocks
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Fig,2.5) Fig.2.6)
trial structures are
assessed in Block W Block 0
details of optimum structure
are printed in Block Y Block Q.
2.9) This second method appeared firmly based in engineering
logic and nevertheless followed the same rules in 
sequential re-design that was demanded by the more 
elegant but unattainable mathematical solution. It 
was threfore selected as the method to be employed in 
the analysis and produced good and consistent results 
for all the types of grid analysed. Accordingly two 
further programmes compatible with those listed in 
2*4) were developed.
2.10) 1) A member sizing routine which carried out the 
following functions (See Appendix II. for algorithm)
(a) the selection of the minimum section to sustain 
a given tensile load using a specified grade of 
steel ensuring a member slenderness ratio not in 
excess of 350.;
(b) the selection of the minimum section to sustain 
a specified compressive load using a specified grade 
of steel and ensuring a member slenderness ratio not 
in excess of 180.;
(c) where a member was subjected to several different 
loading cases, to ensure use of the minimum section
to sustain each and any of the applied loads.
This sub-programme was also arranged that when 
used in conjunction with the analysis programme it
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could alter the section sizes originally analysed 
and re-analyse for a given number of iterations or 
until the section found after an analysis agreed 
with those submitted previously for analysis.
2.10) 2) A routine to modify the geometry of the grid
incorporating that part of sub-programme 2.10) 1) 
which derives the correct minimum section to sustain 
each member force. Prom a grid of given geometry it. 
derives member section sizes to suit the internal 
forces from an initial analysis. Using these results 
as a base it searches in the top layer .for. the member 
carrying the greatest internal force and derives 
approximate alternatives using tube diameters from 
the next subset of diameters up and down from that 
used in the "base" analysis, altering the depth of 
the grid to suit and storing the member sizes used 
in each approximation.
Total weights are then derived for the three cases 
and the section sizes and interlayer depth for the 
lightest used to provide a new "base" analysis. If 
the diameter used for the full analysis moves to the 
first or last subset of diameters the approximations 
are carried out on the two subsets immediately after 
or before respectively.
When the weight of the grid last fully analysed 
gives a minimum the iteration ceases and the member 
section sizes and forces, depth and total weight are 
printed out for the last sections fully analysed.
The member sizing routine selects the first section
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suitable from the section property list. Section 
properties available are therefore listed in order 
from the lightest to the heaviest to provide a 
'lightest weight* solution. If the cost of each 
section is not directly related to its weight per foot 
and a 'least cost of material' solution is required 
then the sections can be listed in ascending order of 
cost per foot.
The depth or diameter of each section in the list 
does not necessarily follow the same order as its 
weight or cost, therefore each diameter or depth must 
be identified by a code. Por example a 4^ in o.d. x ^ 
in tube weighs 11.3 lb/ft and a in o.d, x 7 s.w.g, 
tube 10 lb/ft; these would be in different orders if 
listed separately in ascending order of weight and 
diameter although the general trend is for deeper 
sections to weigh more and cost more per foot.
The procedure is illustrated in the flow diagram 
Pig. 2,6) in which the instruction blocks 0 to P have 
been added to a general analysis programme,
A 'group* is composed of a number of sections of 
the same depth or diameter but varying weight. The 
* pivot group* is that group to which the critically 
loaded member belongs, as selected in block C,
The tests and orders in blocks P to 0 are intended 
to provide approximate weights for possible arrangements 
and depths without carrying out complete analyses for 
each. They are analogous to the trial and error hand 
design method carried out on simple trusses but are 
more exhaustive in their treatment, considering the
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effect of every member on the total weight of the 
structure.
When the least weight case in block L agrees member 
for member with the sections used in the last complete 
analysis, the results are printed out.
It should be noted that the member sizes which are 
input as the basis of new analyses are all within the 
logical size range for their purpose and position.
Prom the aspect of design logic this is surely the 
quintessence of good sequential re-design.
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III. EXPERIMENTAL ANALYSIS.
3i1) "But of this frame the bearings, and the ties 
The strong connections, nice dependencies 
Graduations just, has thy pervading soul 
look'd thro'?"^g
To give a shorb answer, corrupting the original;
"I tried, could not predict the whole".
Although the experiment amply demonstrated its
object, the mathematical and model analyses did not 
match in every respect. This was not cause for 
surprise, controls which precisely agree with theory 
are rare and the tracking down of causative influences 
creating any divergence is an important part of a 
general analysis, and fulfils the object of the control.
3.2) As noted in' 2.5) the subject of the analysis was a 
simple diagrid using lattice beams' in one direction 
and prismatic beams in the other, the arrangement of 
these being shown in Pig. 3.1).
Aluminium alloy extruded sections were chosen on 
account of the accuracy of their profile, their low 
modulus of elasticity coupled with high strength 
allowing high strains capable of accurate recording 
and lastly (it was thought) the wide range of sections 
available.
In fact for the small.quantities of material involved 
in the fabrication of this model, the hope of 
availability of a wide range of profiles was 
unfulfilled. The actual sections used were chosen 
on the following grounds.
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Fig 3-1
(i) 4.5'* X 2” X 0 .25” thickness flanges x 0.188” 
thickness web joist section in K6 material was the 
only suitable section for the prismatic beams available 
and this had to be extruded specially. The proportions 
of this section appeared quite suitable, having thick 
flanges to obviate local instability and a thick web
to reduce the deflection due to shearing energy to 
a minimum. As the amount required corresponded very 
nearly to the minimum amount which could be extruded 
for one order, one was not faced with the problem 
of over-ordering.
(ii) To order specially the remaining material would 
have meant over-ordering by ten times the required 
amount for one section and thirty times for. the other.
The material for the lattice beams was therefore obtained 
in the nearest suitable profile available ex stock in 
commercial purity aluminium; The sections required 
would not normally be of use in an experimental ' 
laboratory and it seemed unreasonable to obtain such 
large quantities of otherwise unusable materials.
The profiles selected for the lattice beams were 
0.625” X 0.625” X 0.125" thickness equal angles as 
chords and 0.625" x 0.575" x 0.062” thickness channel 
as bracings. These sections gave the possibility of 
forming a lattice beam whose chords could be arranged 
to provide a second moment of area equal to that of 
the I-beam chosen, the bracing members and chords of 
which could be connected at their centres of gravity 
and the bracings were almost exactly oqe third of the
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chords in area. The figure of one third is a usual average 
area of bracing bo chord in lattice beams for this kind
of use and geometry.
Unfortunately commercial purity aluminium is an extremely 
soft material, susceptible to permanent bending and 
buckling even with the most careful handling; had this 
quality been appreciated before the material was 
ordered, the channel bracings would have been increased 
in size in spite of the fact that they would then be 
disproportionately large in comparison with the chords.
3.3) The cross section and connections from beam to beam, 
beam to support and loading points are shown in Fig.
5 .2 ).
The grid was tied down to the test bed with 0.75” 
square mild steel bars hinged at their upper end and 
the load applied by five hydraulic jacks coupled 
together in one parallel circuit operated by a single 
hand pump.
In order to allow single beams to be tested on 
the same rig two of the five jacks were fitted with 
cut out valves. On closing these valves it was possible 
to apply load through the remaining three jacks without 
otherwise altering the set up. By this means the long 
lattice and prismatic beams were tested as separate 
structures.
The applied load was measured by proving rings 
initially 400 lbs capacity rings were used., but for 
test number 3, 1000 lbs..capacity rings were used.
Deflections were measured from an independent
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overhead rig supporting dial gauges,
Strains were measured by means of electric 
resistance strain gauges, thirty in number, connected 
through extension boxes to a Peekel type CD 200 strain 
indicator. The position of the strain gauges are 
shown in Fig. 3*3) and the general arrangement of . 
the test rig in photographs Fig.3•4) and 3«5)*
3.4) In Appendix III is recorded
(i) The position of all strain gauges and loading 
points
(ii) Graphs of (a) Deflections plotted against load
(b) Strains in I beams, lattice 
beam chords and bracings 
plotted against load
(c) Tables comparing moments and 
shears calculated by means of 
the programme noted under 2.4)
(iii) and those obtained 
experimentally are added by 
hand to the computer output
(d) Test results of the loading of 
a single bracing member in 
compression.
3.5) The test procedure was as follows..
The rig was completed late one afternoon and a light 
load of approximately 30 lbs per node was applied 
through the jacks, which were then bled to expel 
any air entrainment. This load was left on from 5 pai
until 9 am next morning to settle the structure and
prove the loading system.
The hydraulic system and the model structure sustained 
the load overnight without reduction, were thus
proved, and actual testing commenced.
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Coupling to hydraulic Cut out valve 
system
Fig. 3.4.
Vertical deflection 
measured by dial 
vo.uge
Proving ring
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Tesb No.l. (400 lbs proving rings, 100 divisions on 
dial gauge = 26.8 lbs average) from an initial load 
corresponding bo 50 divisions, 2 increments of 20 
followed by 4 increments of 90 divisions were added. 
The deflections and strains recorded are plotted in 
Appendix III., Figs. A 5.2) to A 5.5) and the moments 
and,shears derived therefrom compared with the 
mathematical analysis in Fig. A 5*6). The results 
from all tests are embodied in the above mentioned 
graphs and tables.
The increments cf strain and deflection were noted 
as being linear during the tests, but on analysis 
it was apparent that the increments of deflection 
were greatly, in excess . of that calculated. The 
immediate deduction from this was that the pin joints 
of the structure, though made with close fitting 
ground silversteel pins in reamed holes, still had 
a slackness in them; until sufficient load was 
applied to obtain full bearing on each pin the 
deflections would be excessive.
The fact that the deflection and strain pattern 
was maintained throughout a descending load pattern 
applied from the last increment downwards, was 
attributed to the prismatic beam "taking over" and 
imposing elastic behaviour on the lattice beams.
The applied load per node reached a figure of 
approximately 120 lbs and for the next test it was 
decided to increase this to about 500 lbs in the 
hope that the pin joints would settle down within 
this range.
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The rig and testing procedure worked well over the 
first test and no alterations to either were neecessary. 
Throughout the whole series of tests the maximum 
vertical movement of the supports recorded on the 
control dial gauges was only ,004 inches compared 
to a maximum deflection in the centre of the grid of 
0,300", through almost the whole range of load the 
movement at the supports was not detectable on the 
dial gauges, the movement occurring only during the 
last load increments of test 3.
Test No,2, was carried out as for Test 1 , hut the 
load increments increased in scale and number, to 12 
increments of 1 00 divisions thus building the load up 
to a maximum of 322 lbs per node. Again, although 
the deflections and strains were in linear proportion 
to the applied load, the experimental deflections were 
twice those derived from calculation. In order to 
check the elastic properties of the beams and the 
materials used, two subsidiary ranges of test were 
carried out before proceeding with Test No,3.
Subsidiary test A consisted of finding from test 
pieces the modulus of elasticity "S" of each material 
used.
From these the following figures were obtained 
N 6 alloy E = 1 ,09 x 10^1bs/sq in
Commercial purity aluminium E = 0,97 x iO^lbs/sq in 
The substitution of these into the computer calculation 
made a small but no significant improvement in the 
comparative figures.
Subsidiary test B consisted of releasing all but 
the end supports of the long prismatic beam and the
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long lattice beam alternately, closing the valves of 
two of the .jacks and testing each long beam as simply 
supported. . \
The results from these tests showed fair correspondence 
with mathematical analysis and the results are compared 
hereunder.
Deflection under Calculated
test deflection
Lattice beam 0.263” 0.219”
Prismatic beam 0.135” 0.1?0”
reduced to per 100 lbs load at each node.
Again, the substitute of stiffnesses corresponding
to these deflections gave rise to a slight improvement
in the correlation between calculation and- test
but the gap between them still remained large.
The significance of one point arising from the test 
on the lattice beam was unfortunately missed at the 
time of testing. The lattice beam deflections became
non linear at the low figure of 100 lbs load per node
point, although the strains recorded remained 
reasonably linear in proportion to the load. Had 
this been noticed at the time it would have pointed 
immediately to the elastic buckling of bracing members, 
which was undoubtedly the cause of the increased 
deflections.
Still searching blindly for the cause of the large 
deflections, and still, mistakenly, pinning them to 
movement in the hinges of the bracing members Test 
No.5» was arranged to increase the load still further 
to approximately 500 lbs per node.
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Test No.3. For this test 1000 lbs proving rings were 
used instead of the 400 lbs rings used in the previous 
tests. A first increment corresponding to 200 lbs 
per node followed by one increment of 133 divisions 
followed by 4 at 100 divisions built up the load per 
node . to a maximum of 540 lbs. The last tv;o increments 
of load were not held well by the structure and on 
trying to add another increment struts on the three 
lattice beams failed, two completely and one partially,
During the twenty minutes required to take strain 
gauge reading even on the first two increments of 
load it was found necessary to build up the load on 
the proving rings by an average of 8 divisions 
(approximately 5 lbs in 400 lbs).
Photographs of the buckled members are shown in 
Figs. A 3.7, A 3.8 and may be compared with a 
photograph of a buckled specimen strut tested 
separately later, (Fig. A 3.9)
3.5) Upon plotting the strains and deflections the •
following deductions could be made directly.
(a) From the unloaded state to a load per node 
of approximately 150 lbs the slackness of pins in 
the joints was being taken up and this gave 
expected curvatures in a negative direction, 
decreasing to a linear relationship as the slack 
was taken up.
(b) From I50 lbs to 250 lbs per node the load/ 
deflection and load/strain curves were sensibly 
linear, but the slope of the former was greatly in
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excess cf those predicted by mathematical analysis.
(c) From 250 lbs per node upwards the load/deflection 
curve developed an hysteresis curvature, i.e. positive 
and increasing as members in the structure became 
overloaded, the load/strain curves showing progressive 
relief or increase of load depending whether they 
referred to part of a member moving towards failure 
or of a member taking extra load from the yielding 
parts of the structure.
3.7) The only possible principal cause of the high rate
of slope of the load deflection curve was the early 
onset of elastic buckling in either the compression 
chords or compression bracing in ttie lattice beams.
Both members were theoretically adequate to sustain 
the loads incurred up to the final test load, the 
bearing values of the silversteel pins on the holes 
through the .0625 inch thickness channel-legs were high 
at the maximum load attained under test but no bearing 
failure was apparent on careful examination of these 
after testing.
As the diagonal bracings were distinctly the weaker 
members in comparison with the chord members, a further 
subsidiary test was carried out on two specimen 
bracings made from unused, straight material.' The 
test pieces were identical in every way to the bracing 
members used on the actual model, being fabricated in 
the same jigs. They were fixed with O.I56 inch 
diameter silversteel pins through short lengths of 
the same aluminium angle section as was used for the
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lattice beam chords. The actual' method of end
support was therefore made as close as possible to 
the support conditions of the bracings on the actual 
model. The arrangement is shown in Pig.A3.9) and a 
photograph of one of the test pieces after failure 
in the compression testing machine'is shown, in ,PAg>^ .
A 3.10)
The specimens were tested in an Instron testing 
machine giving a constant rate of strain and plotting 
the load/strain relationship automatically on a chart. 
The plotted recordings of load/strain for each test 
have been traced on to one of the charts taken 
directly from the machine and are reproduced in 
Pig. A 3. 1.1),the theoretical rate of loading has 
been added in broken line to this figure.
The Instron machine was calibrated to provide a 
full scale load (represented by the full width of 
the chart paper) of 200 kg. The rate of strain 
chosen was 0.02 cms per min. representing an increase 
of.loading at the rate of approximately 300 kg per 
min. accounting for the elastic movement of- the 
supporting angles and pins. The chart speed was set 
at 3 cms. per minute.
From the four load/s train curves plotted by the 
testing machine, the line representing the theoretical 
rate of loading and observations during the test, . 
the following facts emerge.
3.8) (i) The actual load/strain rate recorded was always
more than twice the .theoretical rate.vcEven
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allowing for the fact that the recorded strains
on the Instron machine are not always exact,
as it is extremely difficult to provide bearings 
and supports which give a calculable load/strain 
relationship, this divergence is excessive.
(ii) Though the two specimens were cut from the same 
piece of material and appeared to have 
approximately the same degree of straightness 
when checked against a straightedge immediately 
before mounting in the machine, the load/strain 
characteristics of the two specimens were markedly 
different. The ultimate load of each specimen,
in spite of their diveq^gence in behaviour in 
the elastic range, was approximately the same, 
provided one considers the first test in each 
case. The point of maximum load is off the 
graph for specimen B, but it was actually very 
close to that shown for specimen A, first test.
(iii) In the second test, specimen B, the kink in
the curve is due to an observed movement of the 
lug at the bottom end of the test piece which 
deformed slightly to come to bear on the edge 
of the angle support.
(iv) In the first test, specimen A, the kink is
due to the fact that the loading was stopped 
for a period of approximately $0 seconds and 
re-continued.
(v) Bearing failures could be observed in the holes 
in the end-lugs after dismounting the specimens 
from the test.
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The maximum load sustained by the single 
specimen (400 lbs) corresponded to the load 
in the worst loaded bracings during the main 
model test, at which deflections became 
distinctly non-linear. The fact that no 
bearing failures could be observed in the 
‘ bracings on the model was undoubtedly due to 
load shedding as the relevant bracings took 
their maximum load.
(vi) The mode of failure of the diagonal bracing 
members on the model and when tested singly 
in the Instron machine was the same, by elastic 
buckling of the whole section about the axis 
normal to the line of the hinges. This v/as 
proceeded by slight local buckling of the 
outstanding legs of the channel.
3.9) From 3.8) the following conclusions may be drawn:
(i) The lack of correspondence between the theoretical 
deflections and measured deflections during the 
model test were due
(a) From the unloaded state up to I30 lbs 
per node to the taking up of tolerances between 
holes and pins and the high rate of deformation of 
the bracing members in the lattice beams;
(b) From 130 lbs to 230 lbs per node to the 
high rate of deformation of the bracing members;
(c) From 230 lbs upwards to load shedding 
from members which were loaded up to their maximum 
capacity.
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(ii) The deformations and strains were sensibly
linear between 130 lbs and 230 lbs model load. 
Bearing in mind the high rate of deformation 
of the lattice beams due to the elastic buckling 
of the bracings, the correlation between the 
theoretical and test results is reasonable 
in this area, and demonstrates that:-
(a) For elastic design advantage could be taken 
of the additional deformation due to the bracing 
members of lattice beams when used in conjunction 
with prismatic beams;
(b) For load factor design bracing members, 
could provide the major part of the "load transfer" 
during the elasto-plastic range of loading when such 
mixed construction is used.
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IV. COMPILATION OF THE RESULTS OF MATHEMATICAL
ANALYSES.
"In human works, though laboured on with pain 
A thousand movements scarce one purpose gain"^ g
4.1) It must be confessed that these human works could not 
have been undertaken without the assistance of a 
digital computer together with all the additional 
benefits that the backing of an efficient computing 
unit can give. In fact it could quite fairly be said 
that the staff of the computing unit were even more 
reliable than the actual computer, which tended to 
stay off from work on more days than a self respecting 
automaton should.
Even with these aids much work had to be carried 
out and checked by hand. The analysis programmes 
functioned perfectly provided they were presented 
with the correct data. Some minor defects occurred 
in the selection processing of the structural synthesis 
routine 2.1 0)2) the reasons for which are discussed 
later.
It was originally intended that routine 2,10)2) 
should operate both on the pin jointed plane frame and 
the grid analyses. This proved impossible with the 
latter as it would have necessitated the storage of 
the programme 2,4) (iv) together with a short sub­
routine to translate the theoretical member stiffness 
matrices involved into pin jointed discrete members
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and vice versa, which would have curtailed the 
available working space within the computer too 
drastically to allow the analysis of the size structure 
envisaged in Chapter I. For the pyramidal type 
structures of type (3) it was found necessary to 
segment the structural synthesis and analysis parts 
of.the programme and refer the part not being used 
to the backstore, but this facility was discovered too 
late to apply it to the grid programme.
The translation to member sizes from the output of 
the grid programme therefore had to be carried out by 
hand; apart from being a tedious task this cannot be 
carried out by hand with nearly the same efficiency 
as could be effected by the computer. Consequently 
it must be borne in mind that when comparisons are 
made between grids of types 1 and 2 with the others, 
one is not comparing like with like exactly.
This defect in comparative value is principally due 
to the fact that thecgrid member stiffness ratios 
derived for the first two types depend on the top and 
bottom chords of each beam being made from the same 
section. Naturally the chords carrying tensile forces 
could be smaller than the opposite chord carrying 
compressive force; advantage was taken of this in 
the analysis and structural synthesis of grids in 
classes 3, 4 and 5, but not for the first two types.
Another advantage obtained for the last three types 
was the fact that each member could be designed 
individually whereas types 1 and 2 were restricted a
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maximum of 4 types of panel for each type of member.
4.2) The defect in the structural synthesis part of the 
programme (mentioned previously) should have been 
foreseen but fortunately only showed itself on two 
analyses. The available sections were listed in 
' weight per unit length order from the lightest to the 
heaviest, and arranged in sub-sets of tubes of like 
diameter. If it happened that the lightest total 
weight in the final iteration used the heaviest tube 
of the or 42"” subsets then, although the structure 
was correctly analysed using the relevant sections 
from the subsets, when the member forces were analysed 
to provide minimum sections sufficient to sustain 
them,' for some of the cases involved the lightest 
section which could sustain the maximum load came from 
the diameter subset above the one for which the 
structure was analysed (i.e. 44*” and respectively). 
This caused all members in the top layer to be made 
from the lightest section of the subset of larger 
diameters and did not provide the minimum weight case. 
The analyses effected have been adjusted by hand, but 
the section derived by the computer left in (See 
Figure 4.3.(b) & (c) ) and the adjustment noted. The 
cause of the defect is shorn more clearly by the . 
following example:-
A structure using 4 members of length 10 feet one 
of which carries a load of 28 kips the remainder of 
15 kips or less. All members must have like diameter 
and the method of selection is by (a) choice of the
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lightest section to carry the maximum load or (b) a 
selection of sections to give the least aggregate 
weight.
Method (a) 4/4i"%9g tubes # 6.65 Ibs/ft-total wt = 267.0 lbs 
Method (b) 1 %  4” tube at 8.67 lbs/ft = 86.7
3/5t " X 10g tubes at 4.58 lbs/ft= 137.4
Total weight = 224.1
Method (b) gives the lightest weight and this is used 
within the body of routine 2.10.2. in the process of 
selecting the best "weight for case", in the structural
I
synthesis. The final member sizes are selected by 
routine 2.10.1. which uses method (a) and in a limited 
number of cases can give a misleading result.
4.3) In order to get the most information possible with a 
limited number of analyses certain variations in form 
were proposed in the first two grid types.
The diagrid (Type 1 ) was made unsymrnetrical to a 
degree that the beams in one direction were displaced 
by a half module. The moments and shears shown indicate 
that this does not make a great difference in section 
sizes or moments in a fairly extensive and fine network.
The three way grid was originally provided with an 
intensified pattern at the corners to help distribute 
the loads rapidly in the case of grids supported at the 
corners only.
In order to assess the effect of the change of pattern 
the three way grids were re-analysed without the local 
intensification, and the diagrams relating to both are 
shown.
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The amount of information derived from the analyses
of the various grid forms was so great that it was
necessary to compress it into a format which, though
providing all relevant information, could be shown on
one sheet per case. The standard format of Pigs.4.1.
to 4.5. was designed for this purpose , and is built 
up as follows
The number of each figure agrees with the classification 
and support condition set out in Chapter 1, thus Fig.
4.1.(a) refers to a diagrid simply supported at the 
edges. Pig.4.3.(c) to a pyramidal grid continuous over 
our infinite number of bays and supported at the comers 
01 each bayand so on. Thus the initial figure 4 relates 
to the chapter, the second figure to the type of grid 
defined in doman numerals in article 1.2. and the
bracketted letter to the support condition defined in 
article 1.3.
The left hand side of each figure contains a plan 
of the grid type which for:-
(a) Grids type 1 & 2 show moments and shears at the 
end of each member, together with an inset line 
elevauion giving the dimensions and sizes of 
the lattice beams employed;
(b) Grids 3,4 and 5 shows the layout of the top 
layer in the top left hand quadrant, the bottom 
layer in top right hand quadrant and the inter- 
laj^ er members in the bottom right hand quadrant, 
the remaining quadrant being left clear for 
notes. Member forces and section sizes are
64.
4 .2 )
given against each member, the latter being 
given in code form as explained in article 4.2.
Advantage is taken of symmetry wherever possible 
to avoid duplication of tabulation.
In order to compare grids type 1 & 2 with and 
without edge beams, one part of each grid has been 
shown with edge beams and one part without. The 
momenos and shears for each are derived from separate 
calculations, but it is convenient to show both sets, 
of results on one sheet.
The top right hand side of each figure contains 
a summary of weights obtained for the three most 
significant iterations of the "optimisation" programme 
together with the depth and top layer diameter for 
each. Immediately below is a diagram indicating the 
conditions of support and the reactions at each point 
of support. Again, advantage is taken of conditions 
of symmetry to avoid duplication of tabulation of the 
reactions.
The code1 used to identify tube sizes is as follows
2 = .11"32 X 10g 12 = 3 i" X 5g
3 .11 " X lOg 13 = 3 i" X 4"
4 = l f z 8g 14 = 44'" X 9g
5 2i" X 8g 15 = 4"4" X 7g
6 Z= 3" X 1 Og 16 = 44" X 5g
7 z= 3” X 7g 17 = 4-4" X
8 rr 3” X 5g 18 = 5-4" X 7g
9 = 3” X 19 = 5-4" X 5g
10 3 i" X lOg 20 = 5 i" X
11 r= 3 i" X 8 g 21 = 5-4" X i"
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circular hollow sections being specified throughout 
by outside diameter x wall thickness either in standard 
wire gauge or fractions of an inch.
The grids have generally been designed in high 
yield stress steel to B8 968:1962, though some figures 
are given for mild steel to B8 15:1961. The permissible 
compressive stresses are calculated directly and 
individually for each member using the modified Perry- 
Robertson formula, and are not interpolated from the 
table 17 of BS 449:1959.
Fig. 4.6 compares the structural weight per square 
foot and construction depth for each form of grid and 
support condition.
Fig.4.2. (a)i, (b)i and (d)i give design results
for three way grids having an intensified pattern in 
the corners.
The results thus tabulated are discussed in the 
next chapter.
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V. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK.
IIShort views we take, nor see the lengths behind; 
But more advanced, behold with strange surprize 
New distant scenes of endless science rise!"
1 6
From the modest start made by the analytical work 
reported in this paper it is possible to make some 
deductions on the factors influencing the efficiency 
of the grid types examined. Most, but not.all, of 
these factors could be realised by the application of 
logic without making comparative analyses, but the 
analytical work certainly highligh.hs the importance 
of each factor, and even allows a cautious assessment 
to be made of each.
Though the cases analysed are intended to represent 
the widest possible range within the time and effort 
scope of the investigation, it was not possible to 
cover the ground adequately either in depth or density.
It appears best to preface an assessment of the 
analytical work with reasons why such an assessment is 
made with caution and must be treated with caution; 
extrapolation from any general conclusions would be 
unwise,
(1) The number of sections made available for the 
structural synthesis programme was extremely 
limited, comprising a mere 20 sections.
(2) The support conditions chosen for the analyses 
were intended to provide the worst possible
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conditions for bending and shear; some logical 
arrangements, such as grids supported at the 
centres of the sides, were omitted. These 
would have given lighter total weights for the 
conditions of point support than the corner 
supported cases analysed but would not have 
given such onerous loadings in the interlayer 
and top chord members.
(3) Not sufficient cases of pattern variation could 
be analysed to give a complete representation 
of its effect for each grid type. The initial 
patterns assumed for the first two cases may 
have clouded the issue slightly for general 
consideration of these forms.
Bearing these points in mind, a survey'of the results 
tabulated in Pigs. 4.1) to 4.5) suggests the following
(1) The overall efficiency of a grid depends mainly 
on the directional pattern of its members and 
the quality of load distribution between members 
meeting, at joints. For the double layer skeletal 
systems considered here the torsional rigidity 
of members has a negligible effect on internal 
forces and is ignored. (For types 1 and 2, each 
latticed beam spanning between joints is 
considered as a single member).
The diagrid has the most satisfactory directional 
pattern of types 1 and 2 and distributes load 
between members by differential shearing forces 
between members at their meeting point. This 
type shows clear advantage over type 2 for
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distributed loads. Type 2 has a distinctly 
inferior directional pattern for the square plan 
under uniformly distributed loading, and 
distributes load between members by shearing 
force difference and, as members impinge on a 
joint from more than two directions, by differential 
bending moment between members. The advantage of 
the improved mode of load distribution does not 
offset the inferior pattern, consequently type 2 
is inferior to type 1 for U.D.L. load on a grid 
square in plan.
The other three types of grid all appear 
superior to the first two, but it must be remembered 
that their member sizes were selected automatically 
and were allowed far greater individual variation. 
Even so, the fact that each group of members (i.e.
, top, bottom and inter-layer) could be arranged to 
follow a more efficient directional pattern 
probably accounts for the greater part of the 
advantage shown by the last three over the first 
two types, at least for the conditions chosen.
(2) In Chapter III. the fact that for elastic analysis
a statically determinate structure is most efficient 
to sustain a single loading case, is shown by 
comparing efficiencies of type 5,4 and 5* 3 has
the fewest redundant members and is the most 
efficient structure. If one considers, at best, 
that redundart members are included because they 
are inconvenient to eliminate, the weight of each 
redundant member adds to the total weight of the 
structure. Some further confirmation of this» 
theory is given by the fact that in an.
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analysis of type 5 (a) not tabulated the 
inter-layer members 13-19, 18-19, 19-25,
19-20, 23-27, 26-27, 27-29 and. 27-28 were 
omitted and the structural weight was reduced 
from 2.33 Ibs/sq ft to 2.11 Ibs/sq ft. This 
form was left out as it becomes understiff for 
the corner supported cases.
One must re-iterate that this refers to 
single load oases analysed elastically; where 
more than one load case is involved or a load 
factor analysis is used^statically indeterminate 
structures may provide the most efficient 
solution.
(3) The pattern of grid compared to the loading 
and support conditions is also extremely 
important. Grid forms 4 and 5 both have the 
important advantages over 3 of
(a) Reducing the number of interlayer members
(b) Shortening and increasing the number of 
top layer (compression) members compared 
to the bottom layer.
(c) Conversely to (b) Reducing the number of 
bottom layer (tension) members compared 
to the top layer.
The aavanta.ge of these factors is, of course, 
the reduction in the length of struts and strut 
loads and, the number of joints in the whole 
structure. Type 5 has an advantage over type 
4 in that it is possible to augment or rarefy 
the amount of interlayer bracing. ’ The fact 
that this form normally carries more bracing
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at .the outer edges than in the centre allows 
bracing to be of more standard size throughout 
as the shears tend to increase towards the 
supports. Where internal supports occur it is 
quite simple to augment the bracing arrangements 
in these areas. Perhaps the most adaptable 
grid form for this facility of intensifying 
or rarefying the pattern is the 3 way grid. 
Unfortunately the 100 ft span grids analysed 
are too small to demonstrate this facility in 
the case of the 3 way grid,
(4) Prom the first two types it becomes apparent
that edge or stiffening beams are not usually • 
a part of the most efficient grid structure. 
Looking initia.lly at grid type 2(b) one would 
assume that edge beams must improve the load 
distribution at least in this case. In fact; 
for the given parameters of load and diameters 
of section ^ edge.,beams give a marginal improvement 
in span depth ratio and deflection but do 
not give the lightest structural weight. It 
would doubtless be possible to contrive a 
case by which efficiency in weight could be 
improved by employing edge or reinforcing 
beams, but only.in one case considered here 
was this so.
This gives further support to the idea that • 
the reduction in number of redundant members 
increases efficiency.
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(5) .No firm conclusions can be drawn from the 
local pattern variations essayed in types 1 
and 2, the grids being too small and the 
nets too coarse. The advantages of the 3 way 
grid load transfer at joints is shown in type 
2 (a)(i) in which the corners are held down.
(6) For the span and loading considered the results 
for each type are remarkably consistent. From 
them it appears that for comparable conditions 
of load, span and configuration span/20 would 
give a reasonable depth for grids either 
simply supported round all edges or with 
continuity over comer supports, and span/12 
for grids simply supported at the corners.
From the experimental results and the derivation 
of lattice beam- stiffness matrices as single members, 
the importance of inter—layer bracing members in 
diagrids and three way grids may be assessed. For 
convenience the tables and graphs in Appendix II. 
are expressed in terms of a fixed panel length. The 
broken lines drawn in on each graph thus indicate 
the commonly assumed flexural rigidities of lattice 
beams where L = 1 for values of H/L given on the 
first line of each table, and the modulus of 
elasticity is 30 x 10 lbs per sq.in. They have the 
same values regardless of the total beam length or 
the ratio of chord area to bracing area shown in the 
first column of the tables. The chord area, Ac, is 
taken as unity and the bracing area Ad varied.
Thou^ neither the values of nor are
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comparable or directly related to this assumed 
flexural rigidity, it is relevant that each of them 
can vary greatly depending on the number of panels 
and the ratio Ac/Ad, whereas the value of flexural 
rigidity considering chord areas alone is fixed 
irrespective of these factors. It is not possible 
to compare or relate any element of the stiffness 
matrix of a lattice beam to the flexural and shear 
rigidities of an analogous prismatic beam as the 
latter quantities are expressed in all the elements 
of the stiffness matrix, and cannot be separated.
Although an analogous prismatic beam could be 
found to represent any lattice beam, a structural 
calculation made with it must involve both the 
bending an shear strain energy of the analogous 
beam; therefore flexural rigidity considered by 
itself can never represent the elastic properties 
of a lattice beam.
5.2) From such a brief study only general conclusions may 
be drawn, but such conclusions can at least be used 
to suggest further work, so, following the quotation 
at the chapter head: "Hills peep o'er hills, and 
Alps on Alps arise!", the ensuing lines are more 
exactly to the point but too much so to be ouoted 
here.
Firstly it would be interesting to carry out a 
load factor analysis of the.grids derived in this 
work; this would probably be within the range of 
the Elliot 503 machine.
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Secondly it would be interesting to use the same 
basic grid patterns with a finer mesh to see what 
effect this would have on the structural weight.
From this point it would be easy to examine 
furuher spans and loadings of the basic and revised 
patterns and so build up a vocabulary of information 
which could be interpolated and perhaps extrapolated 
to give guidance on specific problems.
The method of solution of the stiffness equations 
could be greatly improved in efficiency by using a 
back substitution process from the last group of 
equations or by adopting a more suitable solution 
technique for the large groups produced by grid 
systems.
For grids of types 1 and 2 the stiffness matrices 
of lattice beams should be derived to allow for 
varying sizes of top and bottom chords and their 
substitution into the structural system made automatic.
Lastly, it would be interesting from a practical 
aspect to introduce the effect of material cost, 
cost of jOints and fabrication into the automatic 
design routine. This could be effected quite simply 
if it were possible to obtain a reliable indication 
of the cost of the last two factors from manufacturers 
and fabricators.
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APPENDIX I.
Specimen algorithms illustrating the procedures 
developed.
A1.1. The in-situ inversion of matrix A by a method suitable 
for well conditioned positive definite matrices.
procedure minver (A,n); value n; integer n; array A; 
begin integer i ,j,k ; real m ;
for i;=1 step 1 until n do 
begin m:=1/A[i,i];A[i,i]:=1;
for k:=1 step 1 until n do
A[i,k] :=A[i,k]>i^m;
for j:=if ill then 1 else 2 step (if jli-1 then
1 else 2) until n do
begin m:=A[j,i]; A[j,i]:=0.0;
for k:=1 step 1 until n do 
A[j,k];=A[j,k]-ïïi*A[i,k]
end
end
end;
A1.2. The pre-multiplication of a part of matrix B to a part 
of matrix 0 putting the resultant matrix into a 
specified area of matrix A
procedure multig (A,B,C,raT ,n1 “n2,iA,iB,'iC, jA, jB,
value Tm,n1,n2,iA,iB,iC, jA, jB, jC;
integer ml,n1,n2,iA,iB,iC,jA,jB,jC; array A,B,C;
begin integer i,j,k; real a;
for i:=0 step 1 until ra1-1 do
for j:=0 step 1 until n2-1 do
begin a:=0.0;
for k :=0 step 1 until n1-1 do
a :=a+B [ iB+ i, jB+k ] *C [iC+k, jC+ j']"
A[iA+i,jA+j]:=a
end
end;
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APPEKDIX II.
A 2,1. An algorithm to plot member stiffness matrices 
for lattice beams ’ ' / .-
bof^in integer nraax,icad,inlopG,i, 
roal E;
.road nmax,icad,inlop©>E;
.   ,., ■
bof^in integer array beta[1 inmax] ; . . ' '
1 :nnax‘
real array acad[1:icad],slop©Clîinlopo],___________________ __
ktwo[1îicad,1îinlopo+l,1:nnax],ktbr©©[1:icad,1rialop 
alpha [ 1 ; i a lop© ], fjamna [1 :i cad, 1 : i s lop©, 1 : nma;: ] ; 
for i:=1 atop 1 until icad road acad[i]; 
for i:=1 stop 1 until inlop© ^  read nlopoCi];
for i:=1 atop T until ninax do b©ta[i]:=0;
for i:=1 atop 1 until nmax ^
herein for i:=1 atop 1 until i do
bota[i] :=bota[i]+16* j^ -j“S* j+2 ; 
bota[i]:=b©ta[i]-4*i*i ^
end ; . ' .
i:= chockiCbotaTE]); 
for i:=1 atop 1 until islop© ^
alpha[i];=aqrt(4*(1+alop©[i]*alop©ri])T3); '
for i:=:1 atep 1 until icad do
for j:=1 atop 1 until islopo jio
for k:=1 atop 1 until nmax do
Joanna[i, j,k ] :=bota[k]+alpha[ j]*k*acad[i]-4tl:*k*k; 
for i'.-'l atop 1 until icad.clo •
for i:=2 aj^p 1 until nma:: do
bo^jn ktwo[i,ialopof1;11:=n.5*alopo[i]*alop©[i]*E; 
ktwo[i;ialop©+1;j]:=n.O , ■ •
ond ;
^ r  i:=1 atop 1 until icad
for i:=:! atop 1 until ialopo do
for k:-1 atop 1 until n m x  do
bopin ktan[i^ j,l:] :=2*:^ ktv;o[ j,ialopo-M , 1 ]*(n*k)î3/ramna[i,j,k]; 
kthroo[i , j,]=]:=(bota[k]/kkalpha[j]-acad[il)
tktwo[j,ia 1 opef 1,1 ]*k/^ainmaTi , j, 1
end;---
Where, in the algorithm written in algol on the 
proceeding page
nmax = the maximum number of panels required
icad = the number of chord to bracing member area 
ratios to be analysed
islope = the number of bracing slopes to be 
considered
E = Young's modulus 
alpha, beta and gamma are as defined in article 2,3» 
(lY) and ktwo and kthree are elements kg^ &hd k^^ in 
the member stiffness matrix as defined in the same 
article, "acad" and "slope" are values of Ac/Ad and 
H/L supplied as data. Values of k2 2 sind k^^ for a 
range of beams are tabulated and plotted in the 
ensuing pages and in using these it should be noted:-
(1) The tables are drawn up for a value of L=l, 
to obtain values for any other value of L 
the tabulated figure should be multiplied 
by the square of the actual value of L;
(2) Values of k2 ^ and k^g half of the 
values of kg2 as derived from (1);
(3) Putting the total beam length as the 
values of k^ 2  must be divided by
^ 2 3  ^ ^ 3 2  " " " ^T
and k^^ " " ”
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A 2.2. Tables and graphs of lattice beam stiffness 
matrices
J'
o rv rv n - rv fv. r'^ r'^ r"-
c c o o o o o o c o  o  o o o C)
+ + + -H + -*- 4- 4- 4- + 4-4- + + +.
s £ 2 2 £ 2 2 2 2 2 2 2
o • H in CO O vO O in in "<r \r O' CM
o -q - o in in O O in 00 1-4 1— 'T O' vO
o o o vO fO 1— o o o  in V ro CM CM
c\ X ) CM CM 1-4 1-4 1—1 1—! vO \0  </ o vO \ 0 nO
c ns rv n- rv r'v rv r^ fv rv S r^ r'v
c: o o o o o c . o o o  o  o o o o
+ + + + ■h 4- 4- 4- +  +  + + + +
£ £ £ £ £ £ 2 £' £ 2 2 2 2 .2.
CV O O 00 CO i 4 1-t CO CM O  00 o O CM
ro o vC 1-4 1-1 \r M - O o O' CM CM vO 1-4
o n . 1-4 ' T CM o in 1-4 CO O' 00 00
T - t TT CM CM 1-4 1-4 1-4 in, in in < -
CT' rv n - r - n - r-v r'v (4^ fv. f'v r - . rv
O o o c= o o o cz o o  o  o o c c
+ + + + + + 4- + 4- +  +  + + 4 +
2 £ 2 2 2 £ 2 2 £
O C\i TT vO IT, ro 00' CM W  i-( \C 1 - ' ro
O O vO 00 CM ro 00 o  in in- O' o
re n- vO O vC CM c  ■ M- c\' o  O' . 0 0 00 00
T—' rc CM CM 1-4 1-4 1 - ; 1-4 ro ro ro) CM CM CM CM
o n- rv r^. O r ^ r"-. f'v r-^
c c c c o c= c o o o  o  c o o o
+ + + - ^ + 4- 4- 4- ■+• +  +  + + + +
2 2 2 2 2 2 2 £ 2 2 2 2 2 2 2
O O r c n- in I—”in v r CM 1-1 CM vO m
o ro 00 c 00 vO c 00 in rv 1-4 rv M"
c T-< CM 00 CM n - CM o  O' 00 00; r"-
ro CM 1-4 1-! 1-4 1-4 o CM CM 1-4 1-4 1-1 1-4 1-4
rv r^ n - vC) vO vC t'v f v . vO vO vO
o o c CT o C o o O CT. O  O o O O
1 + + + + + 4- 4- 4- +  +  + + + +
£ 2 £ 2 2 £ 2 2 2 2 2 2
o ”<3- N ro ro ro M" vO 00 O' 1-4 00 1-4 O
rv T - l O 00 1-4 00 n - 'g -  T - l CO O'
c •H in CM o CM o 1-4 CM 1-4 C  O 00 m CM'
OJ 1-4 1—1 O 00 r^ 1—1 1-1 1-4 O' o- O'
nv n - vC \ 0 sC vC vO O vC vO vO vO vC vO
o o o o o o o O o c  o  o o o o  .
1 + -f- + ■f 4- 4- 4- 4- +  +  + + + +
s 2 2 £ 2 2 2 £ £ 2
o CO CM r c vC' f'O 00 ro ro> '3- CM 00 O
o o 1-4 in CO CM 1-, I?" in C '- m O'
in CM CM 1-^ CM in O' O  -IT O m ro
in 1—1 1-4 o CO' vC in, 00 oo I'v lO vC vO
t H o vC vO vC vC \ 0 vO vC vC iO lO vO vC
C o C; o o c C' c o C: C= O O' c o
. 1 + + -f + 4- 4- 4- 4- +  +  + + + +
2 2 £ 2 2 2 2 2 2 2 2 £
c CM ir\ o 1-4 CM CM o 00 O' in ro ro o o
\ 0 1-4 n - 00 CO o ro i-> CM in m o 00
vO 1-J vC c= o t 4 in. o o M- o  n- m ■q- CM
1-1 CO in in vO in, in (S- iq - T
O o c. c o O o o c: o  o c= o O
O o o o c c o o cr o  o O' O' CT
o ir> o in. o in o o m o m o m o
V • • • • • • • • • • • • • •
CE 1-4 1-4 CM CM ro ro.' 1-4 I-» CM CM ro to 1^
98.
CP
en
V» (/) 0 ro ro cJ
iu
99.
CVI
o CO Pv Pv pv Pv PV rv pv Pv pv pN^ Pv. Pv Pv
c. o o o O O O o o o o o o O O
+ + + + + + + + + + + + + + +
£ 2 2 2 2 £ 2 £ £ 2 £ 2 2 2 £
O 'vT T-i tH PO "Q- PV PO in CO PO T—iV O' NO
o m T—iPv O ITi in CV CO CV: On in T-i PO o
o PO PV m CV CV in o PO CO in PO T—io
CV T—1O Pv vO in V On 00 pv Pv pv
;
pv pv
o cc pv pv. Pv Pv PV Pv PV Pv pv p^ pv pv Pv
o o O o C o o CZ o O 'O o cz o O
+ + + + + + + + + + + + + + +
£ 2 £ £ £ 2 2 2 2 £ 2 2 £ 2
CV O o O T-i PO in V CV o V in PO T—iCO
PO c o Pv vO PO T—i Pv cz O NO PO NO CV-!
rv PO vO IT. CV PO vO P^ o PO o CO NO in,
T-i T-i o PV \0 in V PV NO NO NO in in in
O CO pv PV p^ pv Pv pv Pv pv PV pv p^ pv pv.
c o o o o cr O cr c.' cz CZ' O c o c
+ + + + + + + + + + + + + + +
. 2 2 2 2 £ £ 2 2 2
c: TT T—'CV vO O Ch T—i V CZ o in Pv
o o PO vC' CO On ON CV pv V" in CO CO PO f
P^. o 'T 00 p" C PO; o CV nC CV O' pv nC- IT
T - i 00 O ITi V PO in V V PO PO PO PO
IV. fv. 1^
o  C' o  o  c: o  o
+ + + + +
2 2 2 S 2in rv if\ 'O o-.r-i M)
cA
tvo_aZ
fv. rv rv r>., fv rv rv
cr. o  ' o  o  c  o  c
+ + + + + + +
2 2 2 2 2 2 2
O  Pv vO CV ITv o  CO
CZ PO CV NO pv CV in, in in cc O' NT PO PO
o CV nC in pv T - i pv PO in T - 00 NO in N) PO
T—i CO NO in V PO PO' PO PO CV CV CV c\ CV
1^ pv pv pv pv pv pv pv pv pv pv pv pv pv
cz o o o c cz o cz O o cz CZ cz o CZ-
1 + + + + + + + + + + + + + +
2 2 2 2 £ 2 £ 2 2 £ 2
cz o O' in cz O' in O' o CV o o in NO <>
pv NO NO o NO T T"* O' o •NJ NT in 00 CV
o O' T - I in T - i 00 in PO a- pv NO in NT PO PO
PNV *T PO PO CV CV c\i T—i T—I T—I T - i T - i T - i
T - i pv IV pv pv |V. IV pv V IV pv V pv NO NO
o o O o o o O O o o cz o o cz o
1 + + + + + + + + + + + + + +
2 £ 2 £ £ £ 2 £
o T - i C ON T CO NO IT, o CV Pv PO NT cc 00
pv CV CV PO O' CZ NT 00' in, LTi 00 CV in. in
in O NO PO o O n pv PO CV T - i o O pv PO
in, NO PO CV CV CV T - i T - i T—i T—I T—I O' O'
T—( V Pv pv. pv V Pv V NO NO NO NO NO nC NO
CZ C O c cz C' cz cz CZ o CZ o cz- o o
1 + + + + + + + + + + + + + +
£ 2 £ 2 2 £ 2 2 2 2 2 2 2
CZ r.' O' PO cz PO V in. 0 0 NT T - i Pv in CV o
v C zz p v . PO V CO in v LT\ in T in NO NIP pv
NO T o 0 0 NO tT PO CV; CV NT 00 PO O' NO PO'
NT V CV T - i T - i T - I T - I O' 0 0 pv pv NO NO NO
-5
CT
cf
o  o  o  o  o  o  o
o  o  o  c: o  o  c
o  IT, o  m  O  IT. o
T-i T-1 CV CV ro po TT
o  o  o  o  o  o  o
o  c  o  o  o  o  o
o  m  o  LO cr if\ o
T - {  T - l  CV C\' PO PC
CJ
100.
l/T
C\J
101
ro
I
z
i
eo
CO
-ûi
o 00 CC' 00 00 CO 1^ N 00 00. n. 1^
o o o o o o CD' o o CD o CD CD CD CD
+ + + + + + + + + + + + + + +
2 2 2 2 2 2 2 2 2 2 2 2 2 2
O o vO o ro CM CM r^ "7- CD O in in
c \0 rv o vC CO O O T—I sO vO in CD T - t
■ o '<r 00 in CM O' in ■M" CM CD r^ T—1 n. ro T-I
CM CM tH T-I T-I T—t o 00 T-t T - t o o 00 CO CO
o CO 00 00 00 00 r^ r^ 00 fv. r^ rv
o C3 o o o o CD o CD CD CD CD CD CD CD
+ + + + + + + + + + + + + + -t-
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
CV c T - i o CO rv CM in. 00 vO O O' ro
ro o vO in. ro vO ro in T—I T—I CM r^ in T—i
CM' fv M- CM o V vr o o T—i in T—i 00 NO
T-I CM T—t T—I T-I T - I o 00 T—I 00 00 r^ nO NO
c CO 00 CO 00' r^ r^ f'v r^
c c o o CD o CD o CD CD CD CD CD CD CD
+ + + + + + + + + + + + + + +
2 £ 2 2 2 £ 2 2 2 2 £ 2 2 2
C > o M" tH r^ - CM CM 00 in ro T-i 00
c > o O in CM CO 00 in vO vO ro ro
rO' c •M CM CD rO' ro vC CD in T—' 00 vO 'cr
T—I T—I T - : T - I o 00 vO \C in in TT
o 00 00 rv f"- t^ 1^ nv r^
o o o o o CD CD CD o CD CD CD o CD o
+ + + + + + + + + + + + + + +
S 2 2 2 2 2 2 2 2 2 2 2 2 2 2
o > T-t r~. n- OC ro o ro CV CM ro CD
c CM or- in 00 IT': CM \r in, in ■H CM vO ro
o T-i C o CD CM \0 T—i •M" CD ITt ro T - i CD
T—I T-I T—1 o 00 rv vO -vC '4- ro ro ro ro ro
T-i r^ n- rv r^ r^. r^
o c o o CD o o o CD CD CD CD' CD CD' CD
1 + + + + + + + + + + + + + -I-
2 C 2 2 £ £ £ £ 2 2 £ £ £ 2
c r^ O in 00 O vC CM' in 00 in O' fv. NO
o \r o -M- in ro V CD ro o 00 00 CD ro
o vO o ro O in CM o CM CD o oo 00 r^
\0 in in v •M- -M- ro CM CM CM T - i T—i T-t T—I
T—1 r^ rv r^ f'- r^ rv 1"^
o c o C' o CD CD CD CD CD CD CD CD CD CD
1 + + + + + + + + + + + + + •f
2 2 O £ ? 2 2 £ ? 2 2 2 2 2
o T—I T-I CM 'q- OC O T—I CD in c\' CD \0 O'
vC vO c\ r^r OC \C n- ■V in OC' CM vO T-I
r^ IT' T - I 00 in C\' o 00 vC in M" ro ro CM CM'
•LO ro ro ro ro CM T—I T—I T-l T - t T—t T—I T - i
T—t n- rv vO vC vC 'O nC
c c c c: CD' c o o CD CD' CD CD o CD CD
1 + + + + + + + + + + + + + +
2 2 2 2 2 2 2 2 2 2 £ 2 2 2 2
o IT. o O o ro \0 '3- CD 00 CO CO vO T-t 1^
O CD CM' vO CM O O CM in. CD t"^ NO
vO O 00 \0 CM T“-CD CD CD ro O' .in, CM
M- ro CM CV CM CM CM CM! T-I T—Io o CC 00 00
-s cr o CD o CD' CD CD O CD CD CD CD CD CD'
o o o CD CD O CD CD CD CD CD' CD CD CD
o in o in O in CD CD in CD in CD in CD
V
c C tH T—ICM CM ro ro M T-I CM CM ro ro
102.
OJ
r;
cr
C E
CO
103,
XS
o 00 CO 00 00 00 00 00 00 00 00 00 00 rv rv
o o o o o o o o o o o o o o o
+ + + + + + + + + + + + + + +
o ro vO CV CV •V CV 00 vO T-t NO ro cr NO
cr vO vC c n- CV ro f''- vO o rv o ro ro NT
o rv. ro o rv. in ro CV T-t o o 00 NT
OJ ro CV CV T-t T—t T-t T—I T—I T—t T—1T-t T—I o O'
c CO 00 00 00 00 00 CO 00 00 r^v rv IV. rv
o o o o o cr o o o o o o o o o
+ + +
£
+
s
+
£
+
£
+
£
+
£
+
£
+
£
+
a
-+
£
+
£
+
£
+
£
CV T-t «g- ro 00 O O CO vO ro in NT CV o
ro ro o ro m V rv TT o ro V T-I o NT
o in T-t 00 vO ro CV o 00 T-i NO T-i 00
T-4 ro CV CV T-t T-! T-I T—I T—t o o 00 00 rv
O CO CO 00 00 CO 00 CO r^ r^ r^ 1^ rv t''-
cr o o o o O o o o o cr o o o o
+ + + + + + + + + + + -f + +. +
o
cr uo CV ro o t"- ro oo o r^. CV ro rv
c cr» ro ro CV ro o ro CV T—t 00 O  nO
to T-' 00 vC "cr ro CV T—t f'v T—! NO CV cc nC to
tH CV T-t T-t T—t T-I T-I r^' NO NO in. m  in
o CO CO 00 00 rv. r'^ r'^ r^ r^ e'­ rv rv
o o o cr o cr o o c O cr o er- o cr
+ + + + + + + + + + + + •f + +
o OC o ro C\j in, T—t o CV NO ro rv T—I
o 00 vO in C' in, 00 o rv TT OC- in NO On in
cr ro CV T-t cr 00 T-t tC o NO ro T-t O' rv NO
T-t T—t T-t T—i a Ch 00 N3" T ro ro ro
.T—t rv. r'v r^ fv. r-v r^ r^ rNv r^ rv rv
c o o cr o O o o o cr o o o o o
1 + + + + + + + + + + + + + +
CD vO r^ c in, ro o o T=f in On ro NO tv
TÎ if\ T—t CD to T—iO 00 00 c CV in.
o o in T—iCO in CVi o NT ro CV CV T -t o
r-s \C> vO vC in in in CVI CV CV CV CV CV CV
T-t r^ r'- r"v rv. t'^ f'- rv rv
o o o o cr. c o cr o o o o o o o
1 + + + + + + + + .+ + -t- + + +
o 00 ro T-t in to vO Tj* o in NO to in, T -t
rv. O' o Tg- c o o CV t'^ c ro rNv CV rv ro’
o 00 in ro o 0\ rv r~-. NO in in NT
un m ro ro T-I T -I -H tH T-t T-I
T -t O ' f'v r ^ t " ^ r'-s r " - r ^ IN'- r ^ nC nC
cr; o o o o cr o O' o o cr o o cr cr
1 + + + + + + + + + + + + + +
o CO '?• \r vO t'^ o CV o rv N T
nC o M- o in v r^ OvJ 00 in T -t o C\t
\C ro CV o o \0 in. T-I T-I o o o CO NO
ro ro ro CV CV CV’CV T-t T— I T-t T—i T - i o O
•<
cr o o o o o cr- O O o o O o o crC' C' o o cr cr c o cr o C' O o o
0
C
o
T -t
in
T-I
o
CV
in,
CV
o
to
in
to
cr o
T—t
in
T-I
o
CVI
in
CV
o
ro
in
ro
o
N T
1 04
£N r -
_L
105.
LT>
II
Z
I C
o 00 00 00 00 00 00 00 00 00 00 00 00 00 CO
o o o o o O o o o o o o o o o
+ + + + + + + + + + + +■■ + + +
2 2 2 £ 2 2 2 2 £ £ £ 2 . 2 2 £
o 00 ro (O' o 'q- CO lA 00 A IV 'T tC
o LA ITi ■sr rv rv ro 'O 00 SO vO O' ro CO
o CV LA o vO ro T-i o tO V" ro A) T-i T-i o
C\J 'T ro ro CV CV CV T-i T—i T-! T-i T—i T-i T—I T-i
o 00 00 00 00 CO 00 00 OO 00 CO 00 rv rv rv
o o o o o o o o o o o o o o to
+ + + + + + + + - + + + ■f + + +
2 2 2 2 2 2 2 2 2 £ £ £ £ 2 2
C\t o ro fv CV LA C rv o vO A 00 rv o A
ro o o CV ro O' O ro LA. A ro LA oo c O'
vO T—i rv TT T-i O 00 ro A T—i C O' LA o
t H ro ro CV CV CV CV T—i T-i T-t T-i T-i o O' O'
o 00 00 CO 00 oo 00 00 rv rv rv rv IV rv rv
c c o c. o o o o o o o o o o cr
+ + + + + + + + + + + + + + +
2 £ 2 2 £ 2 2 £ £ 2 2
o 00 ro (O' rv ro ro> LA A ro rv IV A ro
o vO 'O c IV vO o lA O ■sr LA A \r O'
ro ro T— (O' OC vO LA a cr IV T—t
T-r CV CV T—i T-i T—i •H T-i 00 rv rv rv vO NO TO
o 00 CO 00 00 00 00 00 IV rv rv rv rv rv rv
c CD c o o o o o o o cr o o cr o
+ + + + + + + + + + + + + + +
2 2 2 2 2 2 2 2 2 2 £ 2 2 2 2
c ro CV 'C rv LA c A' T-i cr vO ro 00 O
c T-1 T—i CV rv T-i TO CO ro T-1 T—i 00 T)-
c LA ro CV T—1 T“ i cz A o 00 NO 'd- A T-i'
w T—I T-i T-i T-I T-I w T—i LA LA TT TT TT
T-1 rv rv rv rv rv rv rv rv rv rv rv rv
o CD o o o o o o o o o o o o o
1 + + + + + + + + + + + + + +
2 £ £ ?, 2 2 2 2 £ 2 £
c: .tHro LA A) o O' o rv ro vO LA. o o
'Cl O LA -Q- \C o lA .\r vC 00 T—i LA O'
c O' lA AI O 'C ■sr T—i rv vO LA \r -4- ro A
i'v rv nO vC o tO A' A A A A A A
T - ' rv rv rv rv rv rv rv rv rv rv rv rv
o o o o o o o o o o o o o o O
1 + + + + + + + + + + + + + +
2 2 £ 2 2 2 2 2 2 2 2
c, 00 ro LA •HO AI ro vO ro ro rv lA LA OC'
00 rv O' Ai TO T-i Tj- O' V“O' LA T-i IV
ro T-i (O' rv tC V to co rv IV vONO vO LA
LO. ITiIT, TfTT T -t T—i T-i T - i T-i tH T - i
T-1 r^ rv rv IV rv rv rv rv rv rv rv rv rv
O o o o o o CT' o o o cr o cr cr o
1 + + + + + + + + + + + + + +
2 £ £ 2 £ 2 £ £ £ 2 2 £ 2
o CV vO (O' o 00 At CV A ro vO O \o Tf
o LA Ai o o O' O T—t T - i 00 LA. A o rv LTi
vC LA V ro Ai o o O' A T - i T-I T - i T - i cr O
ro ro ro ro ro ro Ai T—i T - i T - i T - i T - i T—1 T - i
-î> o o o c o o o o o o cr o o o
< C o o o c o CD o o o o o O o o
o lA CD LA o LA o o LA o LA C LA o
c c tH T-I AI At ro ro T - i T-I A A ro ro TT
es)
< X
106.
L ü
vj)
Cû
107.
vO
X .
g
-û :
V
h h
c 00 00 00 00 CO OD 00 00 00 00 00 CO 00 00 rv
c o  o  o  o  o  o  o o  o  o  o  o  o  o o
+ + + -f + + -f + + + "f •*• + + + +
£ 2 2 S S £ 2 2 2 2 2 2 2 2 2 2
C vo 'j- tH m  vO ro OO 'O tH LO vO ■vO tH vO o
o \0 O  O  O  00 OJ o tH LO CM CM TT 00 CVI o
c 0 0  0 0  rv ro o  rv m CO vO LO M- ro CM CVI o
oo ^  ^  ro ro CNJ c\t cvj tH tH tH tH tH T-I tH vO
o 00 00 00 CO CO 00 00 do CO 00 00 CO 00 00 IV
o o  o  o  o  o  o  o cr cr cr cr cr cr cr o
+ + + -f + + + -f + + + + + + -f +
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
a 0 0 rv ro ro tH o  tH CM CM ro tH O  o  lO o
hC o  nc tH 0 0  0 0 rv cr lo tr lO CO CM 'vO cv o
rv C3 m  (\j o  \o ^  ro ro CM tH tH o  o LO
tH ro ro CM Ok,' CM CM tH tH tH tH tH tH tH V
o 0 0  0 0  0 0  oo' 0 0  CO 0 0 rv rv rv IV rv rv rv rv
c cr o  o  o  o  o  o o  o  o  o  o  o  o o
+ •f + + -f + + + •f -f + + + + + +
2 2 2 2 2 2 2 2 2 2 2 2 2 2
cr cr O  CM LO. to vC o lo CV o  vo ro M- ro LO
o M- LO o  vo M- ro ro 00 ro o  o  CM 0 0 r^
rc IT ro: CM O  O  CC' rv 0 0  c  vO ro t--: 0 0 LO
,*
•tH CM CVI CM CM tH tH t—i 0 0  0 0  0 0  rv rv rv \o CM
O 00 oC‘ 00 00 00 00 CC' rv rv IV rv rv |v. rv rv
o o  o  cr o  cr o  cr o  o  o  cr o  o  o o
+ + + + + •4- + -f + + + + + + + +'
s 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2'
c O  CV O  vO MD CV CVI O  O' tH O' tH m  cr cr
c O' t—t tj" rv T~i \c tH rv rv o  ro o  lo ro cr-
cr LO lo \r ro ro CVi cv ^  CM tH O' rv vO IT. LO
•H t—' tH tH tH tH tH tH ITi LO LO tj- ■M- t—1
tH IV (V. rv fv rv rv (V. rv rv IV rv rv rv rv vO
o cr o  o  o  o  cr o o  o  o  o  o  o  o o
1 + + + + + + + + + + + + + + +
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
cr iH T-i O  IT, LO cr \0 ro ro rv vo o  LO M" 00
rv tr, rv T-1 to ro th t—i T-I M- rv tH LO O  IT. O'
o CM O  rv t^  ^CM O  00 00 rv ■o nO LO LO M" M-
rv OO |V IV IV rv |v \0 CM CM CM CM CMI cv CM rv
■H V  rv rv rv rv rv rv rv IV rv rv rv rv rv. 'O
O cr o  o  o  c  o  o cr cr cr cr cr cr cr- o
1 •f -f + + -f + -f •f + •!• + + + + •+■
S o o c o o o o 2 £ 2 2 p . o o 2
o o  o  rv M- 0 0  cr IV O' O' tH LO tH O' O' ter
r^ LO, a  M- cr. vo ro iH CO 'cr tH IV t^- o  rv O'
rv LO ro CM t-1 o  00 rv 0 0  0 0  0 0  rv rv IV \o O'
ir' lO LO lO LO M- M- tH tH tH tH tH tH tH M-
T-^ rv IV rv IV V  rv rv rv rv rv rv rv rv rv 'O
o cr cr cr cr cr cr cr o  o  <r o  o  cr o cr
1 + + + + "f + + •f + + + + -I- + +c o c o c o c o c o c c o ow w « « « X %
o TT tH CM 00 00 tH CO O' vo M- ro ro M- LO rv
vC LTi c  rv 0 0  o  ro IT ro tH o  rv LO ro th LO.
■ vC O  LO M  ro ro CM t- cv CV.I t-1 tH th T-I tH CM
'T ro ro ro ro ro rO' ro tH tH t H  tH tH T-i tH ro
•-tJ
o  o  o  o  o  o  o r  cr cr cr cr cr cr
o  cr cr cr cr cr C' cr o  o  o  o  o  o
V O  LO O  lO O  lO o O  LO. O  lO O  LO O
<c
tH T-I CM CM ro ro tH tH CM CM ro ro
1 0 8 .
M_Û
-  d
109
A2.5. Nooshin*s method of dealing with non-conformable 
joints
axis of non-conformable 
constraint, in which 
direction displacement 
is allowable ; no dis­
placement is permitted
System co-ordinate 
axes
joint n
for joint ”n” normal 
to this axis.
K
' ' veVaP^-lorkS I ma
d W
Illustration of a non-conformable joint ”n” and the 
rows and columns in the stiffness equations of the 
total structure associated with it.
The rows of K & W relating to joint *'n” can be pre­
multiplied by a transformation matrix " T  " and the 
relevant columns of K post-multiplied by the trans­
pose of being such that the displacements given 
by the solution of the equations will be in accordance 
with the directions of the non-conformable constraint 
for joint “n", other displacements according with the 
system axis. The non conforming displacements may 
then be re-transformed into the system axes.
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A2.4* Routine 2,10,1, to derive the correct sized members
in a pin jointed structure under given loading to the 
requirements of,BS 449, from a given initial structure, 
changing member sizes and re-analysing until the «
correct minimum sized members for the system have been 
found
fys = yield stress, pt = permissible tensile stress,
qfac = the reduction factor effective/actual length,
B = Young*8 modulus, weight =, weight of material/unit^
mforce = internal force in a member^
mlist = the identification of a member given as
[end 1, end 2, section number from list]^
memks = the section properties of each section as
[number in section list, area (1 ) or second 
moment of area (2)
compload = the allowable load in compression -for a 
* given section of given length.
L2s end;checks(£9?); 
begin own real fys, pt, qfao, E, weight; 
own integer count;
real procedure coiapload (A, B, C, D) ; value A, B, C, D; real A, B, C, D; 
begin real f, g, h; fs = B*B; h? = 9,8696* A/f; 
e: = 0,5* (C + «0.00003*f + 1>*h)); f: = e “ (sqrt(e*e - C*h)); 
comploads s D*f*0,588 
end; 
if sub = 0 then
begin read fys, pt, qfao, E, weight; 
count2=0
Md;
qs = 0; sub2 = 1 + sub; ,
count 2=count+1 ;
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for i: = 1 step 1 until mom do
begin b: = mforoo Ci, 1]; o: =- 0.01; 
for k; = 1 atop 1 until case do 
begin
if mforoe [i, k]>b then b: = mforoo [1, k]; 
if mforoe [1, k]<o then o;=mforoe[i, k]
memksCI,1]:=memkg[1,2];=0.01;
a: = b/pt; p: = mliat [i, 3];checks(£10?);if a<mexnka[2,1] then a;=memk8[2,1]*0,5; 
for j; = 2 step 1 until type +1 do
begin mliat [i, 3]:=if a>0 and memka [j,1]>a and (memka[j-1,1]<a 
and Length [il/memka [j,2]<280) then j else 
if a>0 and memka[j,1]>a and Length [l]/memka[j,2]<280 
and Length [i]/memka[j-1,2]>280 then j else mliat [1,3]
©nd;
k:=mliat[i,3]; 
if c<-0,01 then
for j;=2 step 1 until type +1 do
mliat [i,3]2=if Length [i]/memks [j,2]<180/qfac and compload (E,Length[i]
* qfac/memka [j,2], fys,memka[j,1])>(-c) and oompload (E,Length [i] 
*qfac/memks Cj-1,2],fya, memks[j-1,1])<C-c) then j else 
mlist[i,3]; checks (£11?); 
if k> mliat [i,3] then mliat [i,3]s=k; 
if p# mlist [i,3] then q; = q +1 ; print i, q;
end; 
v;=0; 
m;=1 ;
if q>0 and count<5 then goto LI else a*=b:=0;
for i; = 1 step 1 until mem do
. ■ . • - ibegin
as = a + Length [i]* memks [mlist [i,3],1]* weight; 
bs = b + Length [i]* memka [mliat[i,3],3]* 0,0041667 
end;
print a, b; for is = 1 step 1 until mem ^  for js= Istep 1 until case do 
print ££ls10??, digits (4), mlist [i, 1], sameline, mliat [i, 2], mliat [i, 3],
prefix (££s2??), mforoo [i,j]; k
for is = 1 step 1 until joint* r do
print delta [i,1]/E;
end;
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In the results presented no account has been taken of the slip that 
is bound to occur between adjacent pyramids as load is applied. The effect 
is likely to cause deflection predictions to underestimate measured values, 
although once the major part of the slipping has occurred incremental 
deflections should be more accurately predicted. Axial forces should be 
comparatively unaffected.
Further work could profitably be carried out on a number of aspects 
of the problem. For example, an analysis program based on an idealisation 
in which pyramid units are considered as basic structural elements, 
elastic-plastic analysis under incremental loading in which the behaviour 
of the structure up to failure could be traced step by step and an 
investigation of the effects of changing the arrangement of members, 
particularly in the vicinity of supports (witness the sensitivity of the 
present case to the column braces).
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